NASA CR- 135448 
PWA-5512-21 




PERFORMANCE DETERIORATION 
BASED ON EXISTING (HISTORICAL) DATA 

JT9D JET ENGINE DIAGNOSTICS PROGRAM 

fr 

I 

G. P. Sallee 


UNITED TECHNOLOGIES CORPORATION ,» 

Pratt & Whitney Aircraft Group ' 

Commercial Products Division 


(HAS A-CB- 13544 8) PER FCB BANCE DETEBICR A1IC B S80-22324 

BASED CN BXISI1SG (HISTORICAL) LATA; JT9D 
JET ENGINE DIAGNCS1XCS EBGGEAB (Pratt and 

Whitney Aircraft Group) 228 p HC A11/BE AC1 Onclas 

CSCL 2 IE G2/G7 18053 


Prepared for 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 


NASA Lewis Research Center 
Cleveland, Ohio 44135 


/v ' ' \ 

§j? \ 

t' tfCFIVCO *t 
V Wi. 


■js 


/ 


Contract NAS3-20632 


PREFACE 


The requirements of NASA Policy 
NPD ???0.4 ( September 14 1Q7CM 
the use of SI Units have been* 
cordance with the provisions 
5d of that Directive 
Lewis Research Center. 


by 


Directive 
regarding 
waivea in ac- 
of paragraph 
the Director of 


PRECEDING PAGE BLANK NOT FILMED 


TABLE OF CONTENTS 






► 


Section 

1.0 SUMMARY 

2.0 INTRODUCTION 

3.0 HISTORICAL DATA COLLECTION AND ANALYSIS METHODOLOTY 


Page 

1 


5 


9 


3.1 General Approach 

3.2 Data Col lection 

o'o'i ^ n ^ ne Performance and Airline Operational Data 

3.2.2 Part Scrappage and Repair Data 

3.2.3 Part Condition Data 

3.3 Performance Data Reduction and Analytical Methodoloqv 

3.3.1 Overall Approach 

3.3.2 Analysis of Test Stand Data 

3.3.3 Analysis of Part Age and Condition Data 

3.3.4 Validation 


9 

12 

12 

16 

19 

19 

19 

22 

27 

33 


4.0 PROGRAM RESULTS 


4.1 Overview 

4.2 Average Engine Deterioration 

4.2.1 Production Base Lines 

4.2.2 Shorm-Term Performance Deterioration 

4.2.3 Long-Term Performance Deterioration 

4.3 Airline Maintenance Practice Variations 

4.3.1 Parts Repair and Replacement Rates 

4.3.2 Rebuild Standards 

4.3.3 Part Repair Practices 

4.4 Module Deterioration 

4.4.1 Introduction 

4.4.2 Fan 

4.4.3 Low-Pressure Compressor 

4.4.4 High-Pressure Compressor 

4.4.5 Combustion System 

4.4.6 High-Pressure Turbine 

4.4.7 Low-Pressure Turbine 

4 5 Verification and Data Enhancement 

4.5.1 "Top Down" Analysis Procedure 

4.5.2 "Bottom Up" Analysis Procedure - Long-Term 
Deterioration 

4.5.3 Comparison of Top Down and Bottom Up Analysis 
Results 


37 

38 
38 
38 
41 
57 
57 
57 
60 
61 
61 
62 
68 
82 
97 
99 

110 

116 

116 

118 

123 


5.0 PRELIMINARY MODELS OF JT9D ENGINE PERFORMANCE DETERIORATION 


5.1 Module Deterioration Model 

5.2 Engine Deterioration Model 


127 

129 


^cCEDWG PAGt tfLAftK NOT FILMED 


'i 


a 




;S 



Secti on 


TABLE OF CONTENTS (Cont'd.) 


6.0 PRELIMINARY RECOMMENDATIONS 

6.1 Engine Operating Procedures 

6.2 Performance Monitoring 

6.2.1 Performance Trending and Management 

6.2.2 Test Stand Instrumentation 

6.2.3 Test Stand Correlation 

6.3 Maintenance Practices 

6.3.1 F an 

6.3.2 Low-Pressure Compressor 

6.3.3 High-Pressure Compressor 

6.3.4 Combustion System 

6.3.5 High-Pressure Turbine 

6.3.6 Low-Pressure Turbine 

6.3.7 Summary 

6.4 Design Criteria 

6.4.1 F light Loads 

6.4.2 Erosion 

6.4.3 Thermal Distortion 

6.4.4 Rebuild Standards 

5.4.5 Suirrnary 

6.5 Performance Deterioraion Control and Management 

7.0 CONCLUSIONS 


7.1 Overall Engine Performance Deterioration 

7.1.1 Short-Term Performance Deterioration 

7.1.2 Long-Term Performance Deteriorati on 

7.2 Engine Performance Recoveraoi lity 

7.3 Deterioration Models 

7.3.1 Engine Deterioration 

7.3.2 Module Deterioration 


APPENDIX 

APPENDIX 

APPENDIX 

APPENDIX 

APPENDIX 

APPENDIX 


A - AIRLINE VARIATIONS IN OPERATING PROCEDURES AND 
THRUST USAGE 

B - USED PARTS CONDITION AND PHOTOGRAPHIC DOCUMENTATION 
C - PARTS USAGE AND REPAIR RATE ANALYSIS 
D - REBUILD STANDARDS VARIATIONS 
E - QUALITY ASSURANCE 
F - ACRONYMS AND SYMBOLS 


REFERENCES 


Page 


133 

133 

134 
134 
137 
139 
141 
141 

141 

142 

142 

143 
143 

143 

144 

144 

145 

146 

146 

147 
147 

155 

156 

156 

157 

157 

158 
158 
158 


161 

163 

191 

195 

211 

213 

217 


DISTRIBUTION LIST 


219 


Fi qure 
1 

2 

3 

4 

5 

6 

7 

8 
9 

1C 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 


LIST OF ILLUSTRATIONS 
Title 

Ind h Analys^ Pr ° aCh ^ Historical Data Collection 

Engine Performance Deteri orati on Diagnostic Technique 
Rapid Airfoil Digital Optical Contour (RADOC) Facility 
Overall Data Analysis Flow Chart 

Initial Steps in Processing Test Stand Data 

Typical Computer Listing of Corrected Test Cell Data 

Typical Computer Plot of Engine Performance Data 

Trend Plot of Typical Engine Parameters 

Absolute Exhaust Gas Temperatures (EGT) for Averaae 
Engine as a Function of Engine Age 9 

Effect of Age on Airfoil Tip Chord 

Different Approaches for Modeling Tip Clearance Effects 

Production TSFC Levels at Take-Off Thrust Versus Time 

Hight T Time TSFC Deteriorati on Trend s as a Function of 

F S !ighi T CyclIs FC Deterioration Trends a * a Function of 

Fleet Deterioration for Pan American World Airways 
Fleet Deterioration for Trans World Airlines 
Fleet Deterioration for Northwest Airlines 

Engine 6 Moni ' tori "9 Performance for 

T J F 5. P ? rformance Deterioration at Take-Uff 
Thrust for Individual Airline Engines Relative to New 
Engine Performance Levels INew 

Prerepair EGT Peformance Deterioration at Take-Off 
Thrust for Individual Airline Engines Relative to New 
Engine Performance Levels 


Page 

7 

11 

20 

21 

22 

23 

24 

25 

26 
30 
33 
39 

41 

42 
44 

44 

45 

46 

47 

48 


vn 


LIST OF ILLUSTRATIONS (Cont'd) 



F i gure 

Title 

Page 

21 

Average Fleet Prerepair TSFC Performance Deterioration 
at Take-Off Thrust Relative to New Engine Performance 
Levels 

49 

22 

Average Fleet Prerepair EGT Performance Deterioration 
at Take-Off Thrust Relative to New Engine Performance 
Levels 

50 

23 

Postrepair TSFC Performance Deterioration at Take-Off 
Thrust for Individual Airline Engines Relative to New 
Engine Performance Levels 

51 

24 

Postrepair EGT Performance Deterioration at Take-Off 
Thrust for Individual Airline Engines Relative to New 
Engine Performance Levels 

51 

25 

Average Fleet Postrepair TSFC Performance Deterioration 
at Take-Off Thrust Relative to New Engine Performance 
Levels 

52 

26 

Average Fleet Postrepair EGT Performance Deteri oration 
at Take-Off Thrust Relative to New Engine Performance 
Levels 

52 

27 

Effect of Cold-Section Modifications and Refurbishment 
on Engine Performance 

55 

28 

Effect of Cold-Section Refurbishment on TSFC 

56 

29 

JT9D Engine Cross Section 

61 

30 

Fan Tip Clearance Effects 

62 

31 

JT9D-7/7F/20 Fan Rub-Strip Rub Depth Growth 

63 

32 

Predicted Fan Clearance Changes from Analytical Studies 
of the Effects of Flight Loads on Performance 
Deteri orati on 

64 

33 

Surface Roughness Measured on Five JT9D Fan Blades 

65 

34 

Effect of Clearance Changes on Fan Flow Capacity and 
Efficiency 

66 

35 

Effect of Surface Roughness on Fan Efficiency 

66 

36 

Back-to-Back Fan Test Data 

67 


t t- ™ — ram s- 


vi 




ittW 


r r r x rrr 


Page 

69 


LIST OF ILLUSTRATIONS (Cont'd) 


Title 

Sketch of Blade Tip and Rubstrip 

drenching on Performance Losses Associated 
with Blade Tip Clearance 

Definition of Effective Tip Clearance 

Nomenclature for Airfoil Parameters 

Low-Pressure Compressor Blade Length Loss Data for 
Rotor 3 

Schematic of Low-Pressure Compressor Tip Clearance 
Wear Mechanisms 

Rub Strip Erosion Data for the Low-Pressure Compressor 

Trench Depth Measurements for the Low-Pressure 
Compressor 

Effective Change in Blade Tip Clearance for the 
Low-Pressure Compressor 

Effect of Tip Clearance Increases on Low-Pressure 
Compressor Performance 

Surface Roughness Data for Second-, Third-, and 
Fourth-Stage Low-Compressor Rotor Airfoils 

Surface Roughness Data for the Second- and Third-Staqe 
Stator Airfoils y 

Average Low-Pressure Compressor Rotor and Stator 
Roughness Data at 2000 Cycles 

Effect of Low-Pressure Compressor Airfoil Surface 
Roughness on Efficiency 

Second-Stage Rotor Tip Profile Data 

Estimated Overall Performance Loss for Low-Pressure 
Compressor 

Low-Pressure Compressor Performance Loss Based on 
Estimates from Part Condition, Analysis of Historical 
Data, and Back-to-Back Testing of Service Compressors 


69 

70 

71 

72 

73 

73 

74 

75 

75 

76 

77 

77 

78 

79 

80 
81 


ix 




1 


B LIST OF ILLUSTRATIONS (Cont'd) 


Fi gure 

Title 

Page 

54 

Schematic of Tip Clearance Wear Mechanism for High- 
Pressure Compressor 

82 

55 

Blade Length Loss for Sixth-, Ninth-, and Fourteenth- 
Stage Rotors 

84 

56 

Rup-Strip Errosion Rate for Sixth-, Ninth-, and 
Fourteenth-Stage Rotors 

84 

57 

Rup-Strir Trench Depth Data for Sixth-, Ninth-, and 
Fourteenth-Stage Rotors 

85 

58 

Effective Tip Clearance Increases Relative to 
Production Acceptance 

86 

59 

High-Pressure Compressor Performance Less Attributed 
to Blade Tip Clearance Increases 

87 

60 

Surface Roughness Data for JT9D Sixth-, Ninth-, and 
Fourteenth-Stage Blades 

87 

61 

Surface Rougness Data for JT9D Sixth-, Ninth-, and 
Fourteen-Stage Stators 

88 

62 

Surface Roughness for JT9D High-Pressure Compressor 
Blades and Vanes at 2000 Cycles 

88 

63 

Prediction of Effect of Surface Roughness Changes in 
High-Pressure Compressor on Performance 

89 

64 

JT9D High-Pressure Compressor Blades with High Hourly 
Usage but Moderate Cycle Usage 

90 

65 

JT9D High-Pressure Compressor Blades with Moderate 
Hourly Usage but High Cycle Usuage 

90 

66 

Chord Erosion Data for Tip Region of Fourteenth-Staqe 
B 1 ade 

91 

67 

Airfoil Geometry Changes for Tip Section of Ninth- 
Stage Rotor B 1 ade 

92 

68 

Airfoil Contour Changes as a Function of Leading Edqe 
Span (Ninth-Stage Rotor Blades) 

93 

69 

Estimated Effect of Airfoil Contour Changes on 
Performance 

94 




x 


LIST OF ILLUSTRATIONS (Cont'd) 


F i gure 

Title 

Page 

70 

Total High-Pressure Compressor Performance 
Deterioration 

95 

71 

Predicted and Experimental ly Measured High-Pressure 
Compressor Performance Deterioration 

96 

72 

Definition of Combustor Cone Angle 

97 

73 

Combustor Radial Temperature Distributions 

99 

74 

Effect of High-Pressure Turbine Blade Tip Clearance 
on Turbine Performance 

100 

75 

High-Pressure Turbine First-Stage Vane Leakage Path 

101 

76 

High-Pressure Turbine Second-Stage Vane Leakage Path 

101 

77 

Analytical Estimate of High-Pressure Turbine Vane 
Leakage Levels as a Percent of Engine Airflow 

102 

78 

Analytical Estimate of High-Pressure Turbine Flow 
Capacity Change Produced by Vane Bowing 

102 

79 

High-Pressure Turbine Surface Roughness Measurement 
Results 

103 

80 

Teardown Clearance of High-Pressure Turbine First- 
Stage Outer Air Seal 

104 

81 

Correlation of High-Pressure Turbine First-Stage 
Blade Tip Wear With Inferred Initial Clearance 

105 

82 

Predicted H gh--- ressure Turbine Performance 
Deteri orati on 

106 

83 

High-Pressure Turbine Performance Deterioration 
Resulting from Second-Stage Vane Twisting 

106 

84 

High-Pressure Turbine First- and Second-Stage Flow 
Capacity 

107 

85 

Estimated High-Pressure Turbine Efficiency Loss 
Associated with Surface Roughness 

108 

86 

High-Pressure Tu- ’ne Overall Performance 
Deterioration 

109 


LIST OF ILLUSTRATIONS (Cont'd) 


Fi gure 

Title 

Page 

87 

Effect of Blade Tip Clearance on Low-Pressure Turbine 
Eff i ci ency 

no 

88 

Low-Pressure Turbine Leakage Path Produced by Vane 
Twisting at Inner Platform 

in 

89 

Estimated Effect of Vane Bow on Low-Pressure Turbine 
F 1 ow Capacity 

in 

90 

Effect of Vane Inner Platform Misalignment on Low- 
Pressure Turbine Efficiency 

112 

91 

Low-Pressure Turbine Airfoil Surface Roughness 
Measurement Data 

112 

92 

Effect of Blade Tip Clearance Changes on Low-Pressure 
Turbine Efficiency 

113 

93 

Average Loss in Low-Pressure Turbine Flow Capacity 
Associated With Vane Bow and Twist 

114 

94 

Estimated Average Overall Low-Pressure Turbine 
Performance Deterioration 

115 

95 

JT9D Fan Module Part Age 

120 

96 

Fan Module Performance vs. Module Age 

121 

97 

Preliminary Model of JT9D Fan Performance 
Deterioration 

127 

98 

Preliminary Model of JT9D Low-Pressure Compressor 
Performance Deterioration 

128 

99 

Pre 1 i mi nary Mode 1 of JT9D High-Pressure Compressor 
Performance Deteri oration 

128 

100 

Pre 1 imi nary Mode 1 of JT9D High-Pressure Turbine 
Performance Deterioration 

129 

101 

Preliminary Model of JT9D Low-Pressure Turbine 
Performance Deterioration 

130 

102 

Preliminary Model of JT9D Prerepair Average Engine 
and Module Performance Deterioration 

131 


xi i 




maastk m 


LIST OF ILLUSTRATIONS (Cont’d) 


gu re 

Title 

Page 

103 

Prelimi. ry Model of JT9D Prerepair Average Engine 
Performance Deteri orati on 

131 

104 

Comparison of Pre 1 imi nary Mode 1 of JT9D Prerepair 
Average Engine Performance Deterioration and 
Observed Deterioration 

132 

105 

Hot Rotor /Rub Strip Interaction 

135 

106 

Management Tool Required 

136 

107 

JT9D High-Pressure Compressor Blade Age (Stages 5 
through 15) 

148 

108 

JT9D Fan Performance Recovery Potential 

150 

109 

Cost Optimization of Fan Repair Interval 

151 

110 

JT9D Low-Pressure Compressor Performance Recovery 
Potenti al 

152 

111 

Cost Optimization of Low-Pressure Compressor Repair 
Inter va 1 

152 

112 

JT9D High-Pressure Compressor Performance Recovery 
Potenti a 1 

153 

113 

Cost Optimization of Hi gh-Pressure Compressor Repair 
Interva 1 

154 

B-l 

JT9D Second-Stage Low-Pressure Compressor Blades 

B-l 

B-2 

JT9D Third-Stage Low-Pressure Compressor Blades 

B-2 

B-3 

JT9D Fourth-Stage Low-Pressure Compressor Blades 

B-2 

B-4 

JT9D Low-Pressure Compressor Blades 

B-3 

B-5 

JT9D Low-Pressure Compressor Blades 

B-3 

B-6 

Low-Pressure Compressor Blade Length Loss Data for 
Rotor 2 

B-4 

B-7 

Low-Pressure Compressor Blade Length Loss Data for 
Rotor 3 

B-5 


xi i i 



F i qure 


B-3 

B-9 
B- 10 
B - 1 1 
B- 12 
B- 13 
B- 14 
B- 15 
B- 16 
B- 17 
B-18 
B - 19 
6-20 
B -21 

B -22 

B-23 

B -2 4 

B-25 

B -26 

B-27 


LIST OF ILLUSTRATIONS (Cont'd) 

Title 

Rotor r ^ SSure Con, P ress or Blade Length Loss Data for 

Second-Stage Rotor Tip Profile Data 

Second-Stage Rotor Profile Data 

Third-Stage Rotor Tip Profile Data 

Third-Stage Rotor Root Profile Data 

Fourth-Stage Rotor Tip Profile Data 

Fourth-Stage Rotor Root Profile Data 

J19D Fifth-Stage High-Pressure Compressor Blades 

JT9D Ninth-Stage High-Pressure Compressor Blades 

JT9D Twelfth-Stage High-Pressure Compressor Blades 

JT9D Fifteenth-Stage Hi gh-Pressure Compressor Blades 

JT9D High-Pressure Compressor Blades 

JT9D Sixth-Stage High-Pressure Compressor Blades 

Geometry Changes for Tip Section of Sixth-Stage 
Rotor B I ade a 

Airfoil Geometry Changes for Root Section of Sixth- 
^tage Rotor B I ade 

Airfoil Geometry Changes for Tip Section of Ninth- 
Stage Rotor B lade 

Airfoil Geometry Changes for Root Section of Ninth- 
Stage Rotor B I ade 

s;S 1 Ro?r B Tai Chan9eS f0r T1p Sectl0n of F »-‘eerth- 

Airfoil Geometry Changes for Root Section of 
Fourteenth-Stage Rotor Blade 

Airfoil Geometry Changes for Span of Sixth-Stage Rotor 


xi v 


Page 

B-5 
3-6 
B-7 
B-8 
B-9 
B- 10 
B— 11 
B- 12 
B- 13 
B- 13 
B- 13 
S-14 
B-14 

B-15 

B-16 

B-17 

B-18 

8-19 

B-20 

B- 21 




F i gure 


Page 


B-28 

B-29 

B-30 

B - 31 

B— 32 

B-33 

B-34 

B-35 

B-36 

B-37 

C-l 

C-2 

C-3 

C-4 

C-5 

C-6 

E-l 

E-2 


LIST OF ILLUSTRATIONS (Cont'd) 


Title 

Blades' Ge ° metry Chan 9 es Span of Ninth-Stage Rotor 

Rotor 0i Blades etry Cha " 9eS f ° r Sp - n ° f Fourt eenth-Stage 

JT9D First-Stage H igh-Pressure Turbine Vanes 
JT9D First-Stage Hi gh-Pressure Turbine Vanes 
JT9D First-Stage High-Pressure Turbine Blades 
JT9D First-Stage Hi gh-Pressure Turbine Blades 
JT9D Second-Stage High-Pressure Turbine Vanes 
JT9D Second-Stage High-Pressure Turbine Vanes 
JT9D Second-Stage High-Pressure Turbine B'ades 
JT9D Second-Stage High-Pressure Turbine Blades 
JT9D Fan Module Part Age 

JT9D Low-Pressure Compressor Module Part Age 

JT9D High-Pressure Compressor Blade and Vane Part Age 

Seal Part _ Age SSlJre Compressor Stator and Outer Air 

JT9D High-Pressure Turbine Module Part Age 
JT9D Low-Pressure Turbine Module Part Age 
Identifying Codes for Compressor Parts 
Identifying Codes for Turbine Parts 


B-2? 

B-23 
B-2 4 
B- 24 
B-25 
B- 25 
B-26 
B- 26 
B-27 
B- 27 
C-2 
C-2 
C-3 

C-3 

C-4 

C-4 

E-2 

E-2 


LIST OF TABLES 






Table 


I 

II 

III 

IV 

V 


VI 

VII 

VIII 


IX 

X 

XI 


XII 

XIII 

XIV 


XV 

XVI 

XVII 

XVIII 


Title 


Summary of Available Engine Calibration Data 
Total Uncertainties for Airlines Test Cells 
Gas-Path Parts Studies 
Examples of Average Part Ages 


JT9D-7 Sensitivities for a +0. 010-Inch Tip Clearance 
Change 


JT9D-7 Sensitivity Analysis for a +0. 10-Inch Low- 
Pressure Turbine Clearance Change 


Engine Simulation for Diagnostic Tracking Top Down 
Approach 


Adjustments to Performance Deter i oration Levels by 
Air I i ne Operator 


Module Contribution to Short-Term Deterioration 
Airline Deterioration Experience 


Postrepair Overall Performance Data Relative to 
Prerepair Performance 


Postrepair Module Performance Data Relative to 
Prerepair Performance 


Cold Section Refurbishment and Compressor 
Modification Results 


Summary of Differences in Cold Section Maintenance 
Standards Comparison of Practiced and Written Airline 
Rebui Id Standards 


Summary of Differences in Hot Section Rebuild Standards 

Influence of Rebuild Clearances on TSfC 

Total High-Pressure Compressor Effici ncy Deterioration 


Average Tip Clearances at Buitd and Teardown for 
Ai r I i nes A and C 


Page 

13 

15 

17 

29 


31 

32 
35 


40 

43 

46 


53 

54 

55 


58 

59 

60 
95 


105 



LIST OF TABLES (Cont'd) 



Title 

Top Down Analysis for Airline B Postrepair Performance 
Data at 3b 00 Cycles Showing the Effect of Low-Pressure 
Rotor Loss -Split Assumption on Predicted Module Losses 

Top Down Analysis Results for Airline A Prerepair 
Performance Data at 3500 Cycles Showing Effects of 
Test Stand Data Adjustments 

Module Average Cyclic Age at 3500 Engine Flight Cycles 

Bottom 'Jp Analysis Resuits for Airline A Prerepair 
Performance Data at 3500 Cycles 

Resuits of Top Down and Bottom Up Analysis Results for 
Airline A Prerepair Performance Data at 3500 Cycles 
After Appropriate Data Adjustments 

Results of Top Down and Bottom Up Analysis Results for 
Airline B Prerepair Performance Data at 3500 Cycles 
After Appropriate Data Adjustments 

Results of Top Down and Bottom Up Analysis Results for 
Airline C Prerepair Performance Data at 3500 Cycles 
After Appropriate Data Adjustments 

Effect of Recommended Ref urbi shments 

comparison of Recomnended Repai r/Rep I acemerit Internals 
and Associated Average Dart Ages with Average Part 
Ages for Airlines 

Variations in Cold Section Rebuild Standards 
Variations in Hot Section Rebuild Standards 
Blade Tip Clearance Variation Summary - Airline A 

B I ado Tip C I e ar an ce V ar i a t i on Sumn ary - Airline B 

Blade Tip Clearance Variation Summary - Airline C 


Page 


117 

119 

131 

12? 

133 

1.24 

135 


144 


149 

D-3 


D— 1 0 


P-12 

0-13 


P-15 


■) 


i 

\ 


1 




XVI 1 


SECTION 1.0 


vmrwwwimwMW^' ■ 


SUMMARY 



This report presents the results of a study of JT9D engine performance 
deterioration and its causes. The study was based on historical records 
and data obtained from five airlines, two airframe manufacturers, and 
Pratt & Whitney Aircraft (P&WA) covering the period from early 1973 
through December 31, 1976. The objectives of this study were to: 1) 
document the historical trend of JT9D engine performance deterioration 
with respect to increasing service usage; 2) quantify the levels of 
performance losses and the distribution of the losses to individual 
components; and 3) identify the causes or damage mechanisms responsible 
for these losses. Preliminary models of performance deterioration have 
been developed at the engine and component/module level to permit an 
understanding of the role of each causitive factor versus increasing 
service usage (in hours or flights). These preliminary models are to be 
refined on the basis of new and more controlled data being obtained 
under other parts of the NASA JT9D Engine Diagnostics Program as it 
continues. Preliminary recommendations are presented for actions to 
reduce the levels of deterioration in both the current JT9D engine and 
future engines. These recommendations will be refined as new knowledge 
is gained from the continuing elements of the NASA program. 

Large quantities of detailed data related to engine performance 
deterioration, part replacement/repair rates, maintenance practices, 
and part condition with respect to increasing service usage were 
collected, documented, and analyzed. 

The results of the analyses of these data show that performance 
deterioration can be broken into two general time frames: (1) that 
which occurs in the first few hundred flights after entry of an engine 
into cornnercial airline service, called short-term deterioration; and 
(2) that which occurs more gradually as service usage accumulates, 
called long-term deterioration. 

The analysis of historical short term data indicated that the average 
engine of the JT9D-3A/7/20 family loses 1 percent* in thrust specific 
fuel consumption (TSFC) on the first flight relative to the level of 
measured performance at sea-level static take-off conditions of the 
engine when new. This loss in performance grows to 1.5 percent by the 
200th flight. Analysis of these data indicate that 55 percent of the 
TSFC loss is associated with the performance losses of the low-pressure 


* Throughout this report, performance values in thrust specific fuel 
consumption (TSFC) and exhaust gas temperature (E6T) are referenced 
to sea level static conditions. Engine condition monitoring (ECM) 
data in fuel flow (Wf) and EGT are referenced to altitude 
conditions. 
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spool (fan, low-pressure compressor, and low-pressure turbine) and 45 
percent with the performance losses of the high-pressure spool "hiah- 
p> essure compressor and high-pressure turbine;. This short-term' per- 
formance loss appears to result from clearance increases caused^ by 
hf b r) 1 pfLrf tWeen / tat '. onar y and rotating parts. This rubbing is caused 

ff iatif iir S n° f en9lne CdSeS and r0t0rs produced ^ aircraft induced 
flight loadb. However, with continuing in-service exposure, the prob- 

ab lity of encountering more severe loads becomes greater, causing 
additional clearance increases, but at a much slower rate. 9 

i^re^Jd^S^oS^Ari^pc l0 / $ ° f the en9ine ^dually increases with 
increased usage. Analyses of prerepair test stand data indicate that 

*?ra ge TS .' C Performance deterioration of the fleet of JT9D-3A/7/20 

y of engines prior to repair is 4.4 +0.5 percent at 3500 fliahts 

or approximately 12,000 hours of operati on" relative to L orodur? Jn 

engine performance levels. The performance losses at this time frame 

spool d .° mindted by the hl9h ' pressure sp ° o1 rather than the low-pressure 


The analyses of postrepair test stand data indicate that the fleet 

3500 a9 fT P h+ trePair lf!ve J. 0f TSFC deter i oration is 3.5 +0.7 percent at 

mai or itv 9 of* ’ thP ' " 9 an dVerag ^ recover V of 0.1 percent. The 
majority or the TbFC recovery results from high-pressure turbinp 

^ s ^°p atlon * Historical data indicates that an additional 1.9 percent 
, TS recovery can be realized by refurbishment of the engine cold 
section if an, low- and high-pressure compressor). The balance of 
rl erd 3 e , unrec ° vered Performance, approximately 1.6 percent in TSFC is 
c used by mechanical conditions distributed among all the modules that 
are not typically refurbished. muuu.es mat 

mpr^ni^T f f m a n . Ce det * r 1 0rati on results from the degradation of the 
mechanical condition of engine parts. Four causes of this degradation 
have been identified: 1) the effects of flight loads that distort the 
shape of engine cases, produce rubbing, and result in increased 
clearances; 2) erosion of airfoils and outer air seals resulting in 
ipnnfh S6d ™ ughness and bluntness, loss of camber, loss of Made 
nrnH??pH ^ !" creased grating clearances; 3) thermal distor- tion 
produced by changing turbine inlet temperature patterns resulting in 
area changes, increased leakages, and changed clearances; and J) 
operator repair practices and rebuild standards that have an impact on 
the cumulative levels of part mechanical damage versus time andthe 

tion nf°thp re rT ePair - and p ° strepair Performance. The estimated distribu- 
iif th pr + er ® pair Performance loss at 3500 flights by major causes 
are 40 percent due to flight loads, 40 percent due to erosion 20 
percent due to thermal distortion with the total level varying by +13 
percent as a result of differences in maintenance practices. “ 

Module performance loss mechanisms were quantified with respect to 

hpTp'J 6 ma i° r P T f0 ™ dnce loss '"echanism in the fan is estimated to 
e eading edge bluntness, with airfoil roughness and increased tip 
clearance being significant, but less important. increased tip 
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The performance loss mechanism of most importance in the low-pressure 
compressor is estimated to be tip clearance increases, with airfoil 
roughness being of secondary importance. 


The high-pressure compressor performance loss is dominated by the j 

effects of erosion, which cause clearance increases, increased rough- 
ness, and airfoil camber loss (with camber loss being the cause of j 

accelerating performance deterioration beyond approximately 3000 fliqht 1 

cycles). a | 

i 

The combustor has no important direct effects but appears to have ! 

important indirect effects on turbine performance loss as the result of * 

changes in turbine inlet temperature pattern. Although these tempera- 
ture pattern changes were not measured during this program, they appear 
to have occurred based on the examination of the turbine parts. The 
major portion of high-pressure turbine performance deterioration is 
increased turbine tip clearance, with vane bow and twisting beinq of 
significant but somewhat less importance. “ 

Low-pressure turbine performance deterioration is estimated to be 
caused by tip clearance increases, with all other mechanisms beinq of 
less significance. s 

Significant progress was achieved in understanding the mechanisms that 
cause performance deterioration and the role each mechanism plays as 
the engine ages. Module performance loss estimates which were developed 
from part inspection data, and correlated with individual airline 
operator module age, permitted verification of engine and module 
performance levels determined from analysis of test stand data. 
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SECTION 2.0 
INTRODUCTION 

The rapid rise in the cost of oil since the OPEC oil embargo in 1973 
has resulted in a national effort to increase the availability of 
domestic oil, develop alternate sources of energy, and develop near- 
and long-term means to reduce fuel consumption. To counteract the 
adverse impact of the world-wide fuel crisis on the aviation industry, 
NASA has initiated the Aircraft Energy Efficiency (ACEE) program, 
included in this program are major propulsion projects which are 
addressing both near-terrn and long-term goals. The long-term activi- 
ties are directed toward developing propulsion technology to reduce 

info. C0nSL i mptl0n of . " ew turbofan engines by at least 12% in the late 
1980 s and an additional 15% for advanced turboprops in the early 
1 990 1 s . The near-term activities are a part of the Engine Component 

Improvement (ECI) Project which is directed toward improving the fuel 
consumption of current production turbofan engines and their deriva- 
tives by 5 percent over the life of these engines. The ECI project is 
divided into two subprojects: 1) Performance Improvement and 2) Engine 
Diagnostics. Performance Improvement is directed at developing fuel 
saving component technology for existing engines to be introduced 
during the 1980 to 1982 time period. 

The NASA JT9D Jet Engine Diagnostics Program has the overall objective 
of identifying and quantifying the causes and sources of performance 
deterioration in the JT9D turbofan engine. This document covers the 
work that has been completed during the first phase of the program, 

which was the gathering, documentation, and analysis of historical 
data. 

The specific objectives of this effort were to: 

o Collect and document existing historical data on performance 

deter ioration of the JT9D family of engines, 

o Establish the trend of performance deterioration at the overall 

engine and module level in relation to engine and part usage, 

o Establish the probable causes of performance deterioration, and 

o Identify areas and components where corrective actions could be 

taken. 

The historical data collected during the program was defined as those 
data which existed prior to January 1, 1977. Included were: new engine 
baseline data, short-term performance test data, installed engine 
performance data, instrumentation and test stand calibration records, 
prerepair and postrepair engine performance test data, parts repair and 
scrappage rates, and part condition in relation to part usage. 


Ml::::-;; 
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The sources of these data included airline companies, airframe manufac- 
turers, and the Contractor's own historical records. McDonnell Douglas, 
The Boeing Company, Northwest Airlines, Trans World Airlines, and Pan 
American World Airways assisted in accomplishing this effort as subcon- 
tractors. In addition, American Airlines and United Airlines provided 
test stand data. 

Figure 1 shows the technical approach and related activities involved 
in completing the study. Large samples of data were obtained from 
multiple sources to permit averaging and reduction of data scatter 
through statistical techniques. 

Engine performance data (left column of Figure 1) were reduced and 
averaged to define the overall JT9D engine performance deterioration 
for an "average" engine. Engine and part utilization data and part 
condition data (right columns in Figure 1) were used to estimate module 
performance deterioration as a function of module age. This estimate 
was then used in an engine simulation to model the overall JT9D engine 
deterioration. The results were compared with the airline average 
engine experience determined from the overall engine performance data. 

An important part of the analysis was the validation of the performance 
deterioration models through the use of the "top-down" and "bottom-up" 
techniques. In brief, this validation process used the engine simu- 
lation to model the engine based on each airline's performance data 
(top down) and on each airline's part condition data (bottom up). 
Comparison of the two models indicated where reconsideration of the 
assumptions was required, and, when good agreement was reached, 
permitted the initial modeling of the module and engine performance 
deterioration. 

The main body of this report has been organized into five sections. 
Section 3.0 is a detailed discussion of the data gathering and analysis 
efforts. Section 4.0 present the results of the analysis. Section 5.0 
describes the preliminary models of JT9D engine performance deteriora- 
tion. Section 6.0 presents preliminary recommendations based on the 
results to date. The conclusions and several issues which could not be 
resolved from historical data are examined in Section 7.0. Supporting 
documentation is included in Appendixes A through F. 
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l Figure 1 


Technical Approach for Historical 
Analysis - The program was based on 
and bottom up" approach to enhance 
the initial deterioration models. 


Data Collection and 
combining a "top down" 
the data and validate 





m 




7 














SECTION 3.0 

HISTORICAL DATA COLLECTION AND ANALYSIS METHODOLOGY 


3.1 GENERAL APPROACH 

The ideal approach for determining the causes of engine deterioration 
would consist of tracking a large number of individual engines, doc- 

umenting all their flight and maintenance experience coupled with 
detailed continuous performance data, and then correlating specific 
flight or maintenance events with the documented shifts in performance. 

Such an approach, however, is unattainable for commercial airline 
engines. The first problem is that there really is no such thing as an 
individual engine to track. To minimize maintenance turn-around time, 
conventional practice is to remove the module requiring maintenance and 
replace it with an airworthy module. Hence, at any given time, a par- 
ticular engine might consist of a number of modules with quite differ- 
ent flight and maintenance histories. Maintenance records are avail- 
able, of course, on a module basis, but the volume of records that 

would need to be reviewed to construct the full history of any par- 

ticular module makes such an approach impractical. 

The second problem with the ideal approach is that flight histories of 
power set ng and maneuver load events are not kept on a routine basis. 
The only related data generally available is total operating time and 
the number of take-off and landing cycles. 

The third problem is that the continuous individual engine flight 
performance data desired are not available since such data normally 
would serve no useful purpose to airline operation. 

The types of data that were available and that provided the basis for 
the performance deterioration analysis were: 

1. Historical airline average engine flight performance and 

operating data that could be correlated with engine utilization 
in terms of either hours or cycles; 

2. Historical data relating to the engine maintenance practices of 
individual operators; 

3. Test stand data indicating individual engine performance levels 
(including production performance records); and 

4. Inspection results on the condition of parts removed from engines. 
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A major gap in the desired data spectrum exists in that the first two 
items relate to overall airline fleet average engine performance while 
the last two relate to specific parts of specific engines. To meet the 
objectives of the program, a technique had to be devised to bridge this 
gap in analyzing the performance of an ill-defined "average" engine and 
the effects of specific changes on specific engines. 

It should be noted that bridging this gap cannot be accomplished by 
simply summing the individual effects of the deterioration of specific 
parts. Although individual influence coefficients are well established 
to define the effects of a single change (such a a one percent loss in 
compressor efficiency) on the overall engine performance, the 

complexity of the interaction of the components precludes such an 
approach where changes occur in virtually all of the engine modules 

concurrently. 

To fill this gap, a novel approach, unique to engine performance 
analysis, was devised using the Pratt & Whitney Aircraft JT9D engine 
simulation. This simulation is capable of accounting for the combined 
effects of concurrent performance shifts in a number of engine modules, 
thereby avoiding the problems associated with the use of influence 
coefficients. The process is summarized in Figure 2 and consisted of 
two basic steps. 

The first step involved analyzing the engine data for each airline to 
define an average engine performance trend as a function of engine 
cycles and to define the average engine deterioration at selected 

engine usage levels. Then the engine simulation is used in an iterative 
fashion to estimate the corresponding levels of individual module 
performance deterioration. This approach represents a "top down" 

approach to the module performance level. 

The second step involved a "bottom up" approach which consisted of 
analyzing the part condition and maintenance data to determine the 
probable effect of the deterioration of individual parts, such as blade 
contour and clearances, on module performance. The simulation was then 
used to predict the overall average engine performance deterioration. 

These two sets of predictions were compared to guide the interpretation 
of the data and to estimate module performance losses. This procedure 
provided confidence in the final result. 

Once an acceptable definition of the module performance loss and loss 
mechanisms had been established in this manner, a preliminary 
performance deterioration model could be produced through conventional 
modeling techniques. 
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CORRELATE MODULE | LJ 

AGE WITH ENGINE 

AGE p 


EVALUATE PARTS TO 
ESTIMATE MODULE 
PERFORMANCE LOSSES 
VS PART AGE 


Figure 2 Engine Performance Deterioration Diagnostic Technique - A 
combination of top down and bottom up analysis utilizing the 
Pratt & Whitney Aircraft JT9D engine simulation permitted 
module performance deterioration to be modelled for an 
average JT9D engine in commercial service. 










The following sections describe, in detail, the steps followed in 
obtaining data, analyzing the data, defining the deteri orati on 
mechanisms, and, then, modeling the overall engine and module deter- 
ioration. •: 

3.2 DATA COLLECTION 

Three major types of data were collected. These types were: 1) engine 

performance and airline operational data, 2) part scrappage and repair 

data, and 3) part condition data. The techniques used for collecting i 

each of these sets of data are discussed in detail below. j 

3.2.1 Engine Performance and Airline Operational Data i 

Engine performance data were obtained from five airlines (Northwest ] 

Airlines, Trans World Airlines, Pan American World Airways, American ] 

Airlines, and United Air Lines) and from the Pratt & Whitney Aircraft l 

Service Center. Test stand data were provided by all five airlines and 1 

the Service Center while Northwest Airlines, Trans World Airlines, and 
Pan American World Airways also provided flight and operational data. 

Test Stand Data 

By far the majority of data contributing to the definition of JT9D 

engine deteri orati on characteristics was airline operator prerepair and 
postrepair data. A considerable volume of postrepair data is available 
since all engines receiving major repairs are subjected to testing on a 
test stand to verify compliance with the Overhaul Manual limits. In 

addition, some engines are tested prior to repair. Table I lists the 
quantities and types of test stand data obtained for the program. 

Overall, data were obtained for 1210 individual engine tests. Data was 
also obtained from special test programs conducted by Pratt & Whitney 
Aircraft on five service engines. 

Data validity was a major concern throughout the program and 

particularly with respect to the test stand data, since data were to be 
obtained from a number of sources, and in some cases to detect 

relatively subtle d'ff erenv.es. 

It could not be expected that the accuracy of the data obtained from j 

airline test stands would match that of Pratt & Whitney Aircraft j 



TABLE I 


SUMMARY OF AVAILABLE ENGINE CALIBRATION DATA 


Operator 


PA 

PA 

TW 

AA 

NW 


UA 

P&WA 

Svc. 


JT9D Calibrat i ons 

Mode 1 Available 


Ctr. 


D-7 and -7CN 

D-7ACN 

D-3A 

D-7ACN 

D-3A 

D-7CN 

D-7 

D-20 

D-3A 

D-7, -7A, -7A( SP) 
Retrofit 


55 

69 

169 

107 

299 

157 

50 

187 

69 

48 


Prerepair 
Cal ibrati ons 

18 

15 

7 

8 
45 
20 


0 

0 


Approximate 
Engi ne Hour Average 
Range Engine Hours 
. [Thousands) (Thousands) 

5-18 
13-18 
2-13 

4- 16 

1- 13 

2- 18 

5- 16 
1-10 
8-19 

0-11 


14 

15 

7 
9 
9 

8 
8 
5 
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only Sufficient* accuracyTo Verify that tl, andS requl ’ , ' ei) t0 Provide 
Overhaul Manual Further the .ft) & 


study used visual readouts o f 
approach necessarily results 

any shift in the engine operating point between 
data set. 


inconsi stent 


sane data with manual recording. This 

i?in n ° n 117!ll ta u5°“ s - recor di ng of data, and 

readings produces an 


Inho Pr °^ em WaS investl 9 ated from two viewpoints- 
""ft" 4 accuracy of the data and the e “ P0,nts - 
through analytical techniques. 


one to establish the 
second to enhance the accuracy 


of OUr air 5 ,Ze Ce t S es°t f the 


remained the question of the 


retained these records and there still 
accuracy of the calibration standard. 

Pr« t lil d hi!° Ur “. 1 , MaS the specifications of the instruments themselves, 
sumably, with proper care, the instruments would perform within the 

manufacturer's specifications. This is an assumption, howeTer! and s^e 
of she scatter observed in the data may well result from 
instrumentation operation outside of specifications, 

The fina^sour^ was observations by Pratt & Whitney Aircraft personnel 
at the airlines test facilities. These observations provided P a basis 

Seived. Uatin9 ° Vera11 C ° nfidenCe in t0 the various' types of dau 


It should be noted that 


fh . • . ... no attempt was made to assess the accuracy of 

the instrumentation installed in the enaine itself. Although premium 


thermocouple wire is used for all thermocouples in the enqine and the 

Pratt & P Wh1fnirr itte £t are c . a1ibrated in accordance with published 
l ! y Aircraft procedures, the specific installation 

iJ?L en91 k ne en9 . ine ? nd could not reasonably be analyzed 
large number of engines included in the program. 


i n 


varies 
for the 


The net result of the determination of inherent data accuracy is shown 

’"™« 11 , for «ch airline (designated by code letter agreement 
with each airline participant) and for each measured parameter. 


Data 

data 

data 

down 

for 


enhancement will be discussed in detail in a following section on 
a alysis, but, briefly, involved (1) averaging large quantities of 
and removing obvious cases of data scatter, and (2) using the top 
and bottom up techniques to guide adjustments to the sets of data 


Flight Performance and Operational Data 

L» erf0 ™ a " Ce anC ! operational d ata were obtained from Pan American 
World Airways Trans World Airlines, and Northwest Airlines. The types 
11 gat performance data were limited to that provided by 

b y J \ maVt^Fn Q?np 3 pr f d A 1 n production engines and that data recorded 
thPco 9ht En ? 1 for engine condition monitoring. In most cases 
InllL consisted of fuel flow, exhaust gas temperature, rot ^ 

rifitMrtL ne . ! ’ reSSUr w ratio ' The F1, 9 ht F " 9 ineer also records 
tn p ane , a l tltude ». air speed, gross weight, and outside air temperature 

f?J!T m1 w\ C0r .r Ct ' 0 " ? f the . data to standard conditions. The 
onal data documented airline procedures such as climb and 


opera- 
crui se 


,5 


TABLE II 

TOTAL UNCERTAINTIES FOR AIRLINE 
TEST CELLS 


Parameter 

Thrust (lb) 

Fuel Flow (% Reading) 
p amb (Barometer) 

Pt2 (inches Hg) 
p cell (inches Hg) 
p t3c (inches Hg) 
p s3c (inches Hg) 
p s4 (inches Hg) 
p s5i (inches Hg) 
p t7 (inches Hg) 

T t2 (o F ) 

Tt4 ( op ) 

EGT T t6 (°F) 

Ni (rpm) 

N 2 (rpm) 

Vane Angle (Degrees)* 


Airline A Airline B Airline C 


+109 

+152 

+75 

+0.55 

+0.79 

+0.46 

+0.093 

+0.023 

+0.04 

+0.133 

+0.053 

+0.24 

— 

+0.053 



+0.48 

+0.103 

+0.24 

+0.24 

+0.102 

+0.24 

+0.94 

+3.11 

+2.4 

+1.59 

+3.11 

+2.4 

+0.14 

+0.062 

+0.24 

+0.30 

+1.09 

+0.3 

+1.70 

— 

+2.0 

+2.4 

+3.0 

+2.0 

+5 

+3 

+5 

+10 

+5 

+T0 

+0.01 

+0.01 

+0.01 


* Resolution of indicator 


flight power setting policies and engine derating which might affect 

the performance trends. These data are presented in Appendix A. 

The data available from Pan American World Airways consisted of 
operational data and fleet average data for the period from 1972 
through 1976. Oata for individual engines were no longer available. 

Trans World Airlines provided the most extensive history of fleet and 
individual engine data of the three participating operators. Fleet data 
were available from 1971 through 1976 and individual engine data by 
engine serial number was available since Janury 1973. This data was 

compressed during computerized retrieval to average every ten data 
points, which suppressed data scatter but still permitted construction 

of individual engine histories as well as fleet averages. Trans World 
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Airlines also provided detailed operational data over the time frame 
for which performance data were available. 

The data from Northwest Airlines was of particular interest since it 
included JT9D engine installations in both Boeing 747 aircraft and 
Douglas DC-10 aircraft. Unfortunately for the purposes of this program. 

Northwest Airlines only preserves trend monitoring data for the last 30 
flights prior to each engine removal, which results in numerous time 
gaps. However, all availble data was collected and totalled 
approximately 500 preremoval data sets. 

ij 

Another source of performance data was the Boeing Company's JT9D-7 and 
JT9D-7A engine fleet survey data, which Boeing collects on a periodic 3 

basis for selected aircraft over a period of thirty days. j 

Unfortunately, these data are correlated against acquisition date ] 

rather than engine operating time or cycles, and attempting to convert J 

these data back to engine cycles was well beyond the scope of this j 

program. 1 

1 

3.2.2 Part Scrappage and Repair Data i 

Part usage data and maintenance experience was collected from visits to \ 

maintenance shops for each of the three airlines. . 

Statistical data collected from each airline consisted of: 

1. Number of engine shop visits by year; 

2. Number of repairs of each module by year; 

i 

3. Number of engine flight hours and cycle by year; 

1 

4. Number of gas-path parts scrapped by stage by year: 1 

5. Number of gas-path parts repaired by stage by year; - 

6. Airline rebuild standards and mai ntenance philosophy; and 

7. Status of incorporation of service bulletins which effect I 

performance. J 

The selection of parts included in the data for scrappage was limited 
to those affecting performance. The identification of these parts is 
shown in Table III. 



TABLE III 


GAS-PATH PARTS STUDIED 


FAN 

B1 ades 
Outer Duct 

COMBUSTOR/FIRST TURBINE VANES 
Comb. Inner Liner 
Comb. Outer Liner 
First-Stage Turbine Vanes 

LPC 

Blades 

Stators 

Inner KE Seals 
Inner Seal Rings 
Outer Ducts 

HPT 

Blades 

Vanes 

Inner Seal Rings 
Inner KE Seals 
Outer Air Seals 

HPC 

Blades 

Vanes/Stators 
Inner Seal Rings 
Inner KE Seals 
Outer Ducts 

LPT 

Blades 

Vanes 

Inner Seal Rings 
Inner KE Seals 
Outer Air Seals 

DIFFUSER 

HPC Exit Vanes 


The selection of parts included in the data for repair was also limited 

tn ;T/T/" a ' nt r anCe actions on 9 as path parts that would be expected 

lirfn- nlrff °T nCe - Hence ’ 5uch re P airs as ™1n 9 and blending 

airfoil nicks, rebrazing stator assemblies, or weldinq small cracks 

Included were: ^ ^ !tud »- The SpeCifk ° f repai^Yhat^rl 

Blades 


Fan - Reconditioning of 
trailing edge uncamber. 

leading edges and two-degree root 



Low-Pressure Compressor Third Stage 
engine configuration. 


Recambering to JT9D-7A 


High-Pressure Turbine First Stage 
machining off tip, welding on new tip, 
blade length. 


Repairing blade tip by 
and machining to correct 








mmrnrnm 


'#sxgB£2Si2S£B^^ 


j 

| 


i 

i 
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1 
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Low-Pressure Turbine - Repairing blade tip knife-edge seals and 
restriking the olade to restore the blade shape. 







1 

i 

j 


Stator Vanes 

Low-Pressure Compressor Fourth Stage - Restrikinc the vanes to 
restore the vane shape. 

High-Pressure Compressor Assemblies Stages 8 Through 15 - 

Replacing defective vanes. 

High-Pressure Turbine - Restriking or repairing buttresses. 

Low-Pressure Turbine - Restriking and weld-repairing airfoil 
cracks. 

Ducts and Outer Air Seals 

Compressor Ducts in Stages 2 Through 7 - Replacing rubber rub 
strips. 

High-Pressure Compressor Ducts in Stages 8 Through 15 - 

Replacing outer rub strips. 

High-Pressure Turbine First-Stage Outer Air Seal - Rotating seal 
assembly 90 degrees to equalize wear with replacement of seals 
as required and offset grinding of the complete assembly. 

High-Pressure Turbine Second-Stage Outer Air Seal - Replacement 
of honeycomb rub strips. 

Low-Pressure Turbine Third- Through Sixth-Stage Outer Air Seals 
- Replacement of honeycomb rub strips. 

Inner Shrouds 



High-Pressure Compressor - Replacement of Seal Land Rub Strips. 
High-Pressure Turbine - Replacement of Seal Land Rub Strips. 
Low-Pressure Turbine - Replacement of Seal Land Rub Strips. 
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3.2.3 Part Condition Data 


A large sample of airfoils (630 fan and compressor airfoils and 120 
turbine airfoils) was collected from engines brought in for repair, 
representing usage levels up to 5500 cycles. These parts were inspected 
for geometry and surface finish and the results correlated against 
operating hours and cycles. 

Fan airfoil contours were measured with the Automatic Digital Airfoil 
Measurement (ADAM) system, which uses mechanical sensors to obtain 
contour data. The resulting measurements are then digitized for 
computer analysis. Since this equipment is not capable of accurately 
defining the leading- and trail ing-edge contours, a New England Tracer 
was used for measurements in these areas. 

Airfoil contours for the compressor and turbine blades were made using 
the Rapid Airfoil Digital Optical Contour (RADOC) equipment which 
employs a laser optical system to measure the airfoil dimensions. The 
system converts these measurement to digital form suitable for computer 
analysis and plotting. The RADOC system is illustrated in Figure 3. 

Airfoil contours for the compressor vanes were made using shadowgraph 
equipment. 

Production tooling was used to measure bow and twist of the turbine 
vanes . 

For both compressor and turbine airfoils, surface roughness 

measurements were made using the Clevite Surf analyzer , and lengths 
were measured with micrometers. 

3.3 PERFORMANCE DATA REDUCTION AND ANALYTICAL METHODOLOGY 
3.3.1 Overall Approach 

The overall data analysis approach is shown in Figure 4. The process 
may be divided into two basic efforts. The first, shown in the left 
column of Figure 4, begins with the test cell performance data, which 
was reduced and processed to initially develop an estimate of the 
average engine deterioration experienced by each airline and then an 
estimate of the overall JT9D engine fleet average deterioration. The 
second, shown by the remaining columns at the top of Figure 4, deal 
with the age and condition of individual engine parts (such as blades 
and vanes). These data were reduced and analyzed to estimate the 
performance of the engine modules as a function of module age, and then 
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Figure 3 Rapid Airfoil Digital Optical Contour (RADOC) Facility - The 
RADOC equipment scans the airfoil with a pair of laser beams 
to measure airfoil ntours and then digitizes the data for 
computer analysis. 


the deterioration of 


analyzed using the JT9D engine simulation to model 
both the modules and the complete engine. 

of these final models was established by two techniques. 
. d f ta . enhancement was achieved by analyzinq the data for 

individual airlines by a combined top down and bottom up technique for 

t » f T 91neS " Hh 2000 and 3500 c >' c,e5 - the ‘»P down portion of 
the analysis average engine data were processed in an iterative 

thaf 10n rt t ?H estima ^ tf ^ e P robable levels of deterioration of each module 
that would result in the observed overall enqine deterioration 

Serforman^’np^- 50 ^ UP approach was used to estimate the module 
SrlriSS on basis of the condition and age of 

parts observed for the particular airline, and the engine simulation 

COTpar^on^of t^mnTfo the . resul 11 "9 average engine deterioration. 

21 - f modul . e Performance deterioration and the overall 
of 9 thP estimated each technique indicated the validity 

^ dl vi dual approaches and in some cases suggested areas where 

quality? 3 ^ reductlon and interpretation could improve the data 
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Overall Data Analysis Flow Chart - A "top down/bottom up" 
approach was used to correlate overall average engine data 
and the effects of deterioration of individual parts to 
model engine module deterioration as a function of engine 
flight cycles. 
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Secondly, after data enhancement from the use of the top down/bottom up 
analysis, the preliminary module performance models were developed and 
then used in conjunction with the JT9D engine simulation to define the 
preliminary average engine performance model. The performance 
deterioration trend predicted by this model was then compared with the 
average engine deterioration trend actually experienced by the 

airlines. The relative agreement (and, in fact, good agreement was 
obtained) indicated not only the general validity of the engine 
deterioration model, but also the validity of the models for the 
individual modules. 

The following sections describe each step of the analytical process in 
detail . 

3.3.2 Analysis of Test Stand Data 

The test stand data was received in a variety of forms, including test 
log sheets, data tapes, and punched cards. These data were sorted by 
engine serial number, and entered into computer files for reduction and 
enhancement, as illustrated in Figure 5. The data was then reduced to 
absolute levels, and pressure ratios and corrected flow rates were 
calculated. The resulting reduced data were then printed out in tabular 
form. A typical data sheet is shown in Figure 6. 
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Figure 5 Initial Steps in Processing Test Stand Data - The data was 
entered into a computer file and plotted to establish trends 
on an individual engine basis. 
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Figure 6 Typical Computer Listing of Corrected Test Stand Data - Data 
reduction consisted of calculating absolute values of 
parameters and then using these absolute values to calculate 
pressure ratios and corrected flow rates. 

The next several steps were designed to remove data scatter and 
questionable data points. This was achieved by a combination of 
averaging the data and defining trends. The first step consisted of 
computer plotting each engine parameter as a function of engine 
pressure ratio for each engine serial number. Computer generated 
second-order least squares curve fits were then drawn through the data. 
A typical computer plot is shown in Figure 7 for several Northwest 
Airlines engines. These computer- generated least squares fit curves 
were then read for each engine at an engine pressure ratio of 1.454 and 
the resulting values plotted on a trend chart by engine serial number 
and test date, as shown in Figure 8. The computer also generated a 
constant line at the average of the data and also the two sigma wide 
band around the data. Data falling outside of the two-sigma band was 
examined and revised or rejected if it was believed to reflect errors 
in key punching, data acquisition, etc. This process was then repeated 
until the trend plot was acceptable. 
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Typical Computer Plot of Engine Performance Data - The data 
for each engine were plotted as a function of engine 
pressure ratio and fit with second order curves. 
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Figure 8 Trend Plot of Typical Engine Parameters - These plots 
permitted examination of data falling outside of the 
two- si gma data band for a specific airline. 
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By definition, the average age of a particular type of part in an engine 
equals the sum of the ages of the individual parts divided by the number 
of parts. However, if some of the parts were replaced, but no parts were 
replaced, more than once, the average part age equals the aqe of the 
engine minus the ages of the parts replaced. That is: 

Average Age = 

jTotal Parts) (Engine Age) - Sum of (Replaced Parts X Aae a t Replacement) 

Total Number of Parts 

This reduces to: 

Average Age = Engine Age - Sum of (Replacement Rate) X Age at Replacement 
In integral form this equation becomes: 


= T c 


J 0 


rt dt 


where: 

Te 

r 

t 


= Average part age 
= Engine age 

= Part replacement rate per hour 
= Time 


r 


If r is constant, then 
r(TJ 2 /2 


T a = T e 


An example or the calculation for the combustor inner liner for Airline 
A would be as foil ows: 

The. total flight hours for the fleet was 1,785,000 hours on 171 
engines. Therefore, the average engine age was 1,785,000/171 or 10,438 

?nnn S ^ T e ^ nn?n P L aCemen J rate for the P eriod was 5 - 3 P er «nt per 
then yields *° r 0,000053 per hour - Evaluatin 9 the equation for averge age 


T a = 10,438 - 0.000053 (10, 438) 2 /2 
T a = 10,438 - 2,887 
T a = 7,551 
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In actual practice, the replacement rate, r, was not always constant 
throughout the life of the engine. As a result, a four- year moving 
average value of r was used and applied to a statistical discrete 
summation form of the equation to facilitate calculation. 

Serialized part number records were available for Airline A. These 
records provided the total part time for selected components and 
permitted calculation of actual average part ages for these selected 
components. These calculations were made and compared with the 
estimated average part ages developed using the part utilization rate 
formula described above. The results from both approaches are shown in 
Table IV. As shown, the estimated age tends to be within about 15 
percent of the actual average part age. 


TABLE IV 

EXAMPLES OF AVERAGE PART AGES 


Engi ne 


Replacement 

Rate (Percent Estimated 
per Thousand Average 


Actua I 
Average 


Component 

Age (Hours) 

Hours) 

Age (Hours) 

Age (Hours 

Fan Blade 

10,438 

0.52 

10,155 

9,100 

Combustor: 





Outer Liner 

10,438 

5.3 

7,551 

6,500 

Inner Liner 

10,438 

5.1 

7,660 

6,500 


Definition of Condition of Parts as a Function of Part Age 

The inspection data from parts collected and observations made during 
trie airline shop visits were plotted against part age. Plotted were 
such parameters as rub strip depths, blade length loss, blade tip 
clearance, roughness, and airfoil profile data. 

These plots were analyzed to produce a continuous curve representing 
condition as a function of age. A typical plot is shown in Figure 10. 
Considerable engineering judgement was exercised in fitting curves 
through the data. Although a very large number of parts was inspected, 
relatively little data were available for some engine stages and time 
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frames . However, the resulting trends are believed to represent real 
aDsolute levels of deteri oration and generally reflect the deterioration 
trend accurately on an overall average basis. 

^ermi na tion of Effect of Part Condition and Operator Build Standards on 
Module Performance — 


The effects of changes in the condition of parts on module performance 
were assessed analytically as follows: (1) the effects of increased air- 
foil roughness on performance were determined using correlations of air- 
foil loss as a function of Reynolds number and roughness-to-chord length 
ratio, (2) the effects of chord loss and camber changes in compressors 
were detemined using radial stream tube compressor performance computer 
models; (3) the effects of changes in turbine nozzle areas were assessed 
based on correlations of physical and effective area developed from 
engine testing; and (4) the effects of clearance changes were determined 
on the basis of analysis of component rig data and back-to-back enqine 
test data. 



Figure 10 Effect of Age on Airfoil Tip Chord - Plots such as this 
example reflect Pratt & Whitney Aircraft's best engineering 
judgement on individual part deterioration trends. 

Tnese clearance data provided definition of the change in flow capacity 
and change in efficiency resulting from a given tip clearance change for 
each module of the engine. Typical results are shown in Table V for each 
engine module in response to a 0.01-inch increase in tip clearance. Table 
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TABLE v 

JT90-7 SENSITIVITES FOR A +0.010- INCH 
Trp CLEARANCE CHANGE 


Percent Change 
in Efficie ncy 


Low-Pressure Compressor 
High-Pressure Compressor 

High-Pressure Turbine 
Outer Air Seals: 


Low-Pressure Turbine 
Outer and Inner Air Seals: 

4 


-0.5 

-0.38 


-0.13 

-0.16 

- 0.1 

•0.06 


Percent Change 
in Flow Capacity 

-0.15 

-0.83 

-1.60 


+0.27 
+0. 03 


+ 0.2 

+0.07 

+ 0.01 


f^^qrmance a S , Fu „ ct)o „ of Fnn ln . ^ 

I^~^lrsS?^rrtTV° dU ^ S « Tnnctien of 
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function of part age. Estimates were made for component flow capacity 
and efficiency changes for each average module for each airline at 2000 
and 3500 cycles as a function of engine cycles. 



TABLE VI 

JT9D-7 SENSITIVITY ANALYSIS FOR A +0.010- INCH 
LOW-PRESSURE TURBINE CLEARANCE CHANGE 


Outer Air Seals 

3 

4 

5 

6 

Inner Air Seals 

3 

4 

5 

6 


Percent Change 
in Efficiency 


- 0.11 

-0.08 

-0.05 

-0.03 


- 0.02 

-0.08 

-0.05 

-0.03 


Percent 
Change in A6 


+ 0.10 

+0.03 

+ 0.01 

0 


+ 0.10 

+0.04 

0 

0 


Estimation of Engine Performance as a Function of Engine Age 

Average engine performance deterioration was predicted on the basis of 
the module performance data as a function of engine age by using the 
Pratt & Whitney Aircraft JT9D engine simulation. 

A new method of modeling changes in flow capacity of the fan, 
low-pressure compressor, and high-pressure compressor was developed 
that provides substantially higher accuracy than previously used 
techniques. Traditionally, flow capacity losses (primarily resulting 
from tip clearance increases) have been modeled either by "flow 
scaling", which results in shifting the entire component performance 
map horizontally to the left, or by "speed scaling", which results in 
renaming the corrected speed lines. In effect, the speed lines (and 
only the speed lines) are shifted down and to the left. However, 
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This technique has been identified as the "top down/bottom up" 
technique and is shown in the center of Figure 2. In essence, the 
technique involved detailed analysis of data obtained for the average 
engine of each airline at 2000 and 3500 cycles. The overall engine 
perf ormance data were processed by the Pratt & Whitney Aircraft JT9D 
engine simulation to estimate the module performance data, and, 
inversely, the estimated module performance based on part condition and 
age was used to predict overall engine performance. Comparison of the 
two esti metes of module performance and the measured and predicted 
overall engine performance data provided a guide for adjusting the data 
reduction assumptions and correlation factors. The process was then 
repeated until good agreement was achieved for each airline data set. 

The resulting, much enhanced, data were then used to define the 
preliminary average JT9D engine performance deterioration trends on 
both an overall engine and a module basis. 

The top down analysis posed a particularly difficult problem because of l 

the relatively small number of engine performance variables measured in ! 

the test cells. In fact, the number of unknowns (flow capacity and 

efficiency of each module) exceeded the number of performance parameter 

measurements made, precluding a closed solution to the module 

performance loss definition without an additional relationship. 4 

Such a relationship was found in studying the data from the bottom up ' 

analysis. It was noted in the data obtained for effects of tip 

clearance on fan and low-pressure compressor efficiency and flow 

capacity that a given change in flow capacity is accompanied by a 

definable corresponding change in efficiency. This relationship is 

clearly evident in the data presented previously in Table V. By 

"coupling" these two variables in the engine simulation program, two 

unknowns were eliminated, and sufficient measured variables were now 

available. 

The possibility of coupling other variables was explored in the hopes 
of further enhancing the data, but no suitable parameters were found. 

Flow capacity and efficiency in the high-pressure compressor could not 

be coupled because of the variable vanes. The vane scheduling is 

periodically triimed as a part of maintenance work, with the result 
that the flow capacity changes without the same loss in efficiency that 
would occur from performance deterioration mechanisms. Individual vane 
indexing errors also cause uncoupled shifts in flow capacity and 
efficiency. Sufficient parameters were available in the turbines to 
define both efficiency and flow capacity providing Tta data were 
available. 14 
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With the coupled relationships incorporated into the engine simulation, 
the simulation was used in an iterative manner (with computerized 
iteration logic) to find the combination of module performance losses 
that provided the measured levels of engine performance. The primary 
component variable iterated to match the observed parameter shift are 
outlined in Table VII. 


TABLE VII 


ENGINE SIMULATION FOR DIAGNOSTIC TRACKING 
TOP DOWN APPROACH 


Observed Parameter Shifts 
Percent Change in Nj 


Percent Change in N 2 
Percent Change in Pt3/Pt2 


Percent Change in P S 4 /Pt 7 
Change in Tt 4 


Change in T^g 
Percent Change in Wf 


Percent Change in F n 



Component Variable Iterated 


Percent Change in Fan 
Flow Capacity (Coupled 
to Fan Efficiency) 


Percent Change in 
High-Pressure Compressor 
Flow Capacity 


Percent Change in 
Low-Pressure Compressor 
Flow Capacity (Coupled 
to Low-Pressure 
Compressor Efficiency) 


Percent Change in A5 


Change in High-Pressure 
Compressor Efficiency 


Percent Change in A6 


Change in Low-Pressure 
Turbine Efficiency 


Change in High-Pressure 
Turbine Efficiency 
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It should be pointed out that the module performance parameters which 
have been selected for the iteration balances are those which have a 
st, ong effect on the corresponding observed parameter. For example, fan 
f,ow capacity has been selected for iteration to modify low-pressure 
rotor speed. However, with a change in fan flow capacity, the 
simulation tnen simultaneously computes changes in low-pressure rotor 
speed and all other observed parameters. Hence, the simulation always 
finds a self-consistent solution, and the individual iteration balances 
simply represent the mechanics of instructing the computer how to 
proceed in the direction of a solution. 


The bottom up calculation is much more straightforward and is 
essentially as described in Section 3.3.3, since the computer 

simulation calculates overall engine performance directly from module 
performance levels. For the data validation and enhancement, therefore 
all that was required was to read the module performance levels from 
the module deterioration curves for each airline at the appropriate 
module age for an average engine age of 2000 and 3500 cycles and enter 
the values into the computer simulation. 
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4.1 OVERVIEW 


SECTION 4.0 
PROGRAM RESULTS 




The results of the analyses described in Section 3 show that perform- 
ance deterioration can be broken into two general time frames: 1) that 
which occurs rapidly in the first few hundred flights after entry of an 
engine into commercial airline service, called short-term deterior- 
ation; and 2) that which occurs more gradually as service usage 
accumulates, called long-term deterioration. 

The analysis of historical short term data indicated that the average 
engine of the JT9D-3A/7/20 family loses 1 percent in thrust specific 
fuel consumption (TSFC) on the first flight relative to the level of 
measured performance at sea-level static take-off conditions of the 
engine when new. This loss in performance grows to 1.5 percent by the 
200th flight. Analysis of these data indicate that 55 percent of the 
TSFC loss is associated with the performance losses of the low-pressure 
spool (fan, low-pressure compressor, and low-pressure turbine) and 45 
percent with the performance losses of the high-pressure spool 
(high-pressure compressor and high-pressure turbine). 

The long-term performance loss of the engine gradually increases with 
increased usage. Analyses of prerepair test stand data indicate that 
the average TSFC performance deterioration of the fleet of JT9D-3A/7/20 
family of engines prior to repair is 4.4 +0.5 percent at 3500 flights 
or approximately 12,000 hours of operation relative to new production 
engine performance levels. The performance losses at this time frame 
are dominated by the high-pressure spool rather than the low-pressure 
spool . 

The analyses of postrepair test stand data indicate that the fleet 
average postrepair level of TSFC deterioration is 3.5 +0.7 percent at 
3500 flights, representing an average recovery of O.D percent. The 
majority of the TSFC recovery results from high-pressure turbine 
restoration. Historical data indicates that an additional 1.9 percent 
in TSFC recovery can be realized by refurbishment of the engine cold 
section (fan, low-, and high-pressure compressor). The balance of 
average unrecovered performance, approximately 1.6 percent in TSFC, is 
caused by mechanical conditions distributed among all the modules that 
are not typically refurbished. 

Engine performance deterioration results from the gradual degradation 
of the mechanical condition of engine parts. Four causes of this 
degradation have been identified: 1) flight loads that distort the 
shape of engine cases, produce rubbing, and result in increased 
clearances; 2) erosion of airfoils and outer air seals resulting in 
increased roughness and bluntness, loss of camber, loss of blade 
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length, and increased operating clearances; 3) thermal distortion due 
to changing turbine inlet temperature patterns resulting in area 
changes, increased leakages, and changed clearances; and 4) airline 
operator repair practices and rebuild standards that have an impact on 
the cumulative levels of part mechanical damage versus time and the 
levels of prerepair and postrepair performance. The estimated 

distribution of the prerepair performance loss at 3500 flights by major 
causes are 40 percent due to flight loads, 40 percent due to erosion, 
20 percent due to thermal distortion with the total level varying by 
j\i.3 percent as a result of differences in maintenance practices. 

4.2 AVERAGE ENGINE DETERIORATION 

The following discussion presents the results of the analytical studies 
of short- and long-term performance deterioration directed toward 
quantifying the level and trends of performance loss with usage based 
on overall engine performance data. 

The first section discusses production baselines. This is followed by a 
discussion of short-term deterioration, including the average perform- 
ance loss versus usage and estimated distribution of the overall engine 
loss among modules. The subsequent section deals with longer term 
performance deterioration. Individual airline trends as well as average 
trends for the fleet of engines are presented. The peformance recovered 
for typical hot section and cold section refurbishment are discussed. 

4.2.1 Production Base Lines 

As discussed in Section 3, a production base line equivalent to each 
airline operator's engine configuration versus calendar time was 
constructed based on engine model changes and Service Bulletin 
incorporation status data obtained during airline visits. These base 
lines were derived on the basis of performance improvements obtained 
when the modifications were incorporated into production engines. 
Figure 12 shows the effect of incorporating these modifications on the 
production engine performance trends. The base-line performance data 
for each airline was then used to adjust the engine performance 
deterioration levels to establish a common level for comparison among 
all airlines. The estimated adjustments to performance deterioration 
levels at the specific time frame varied from -0.3 to +0.8 percent in 
TSFC among operators as shown in Table VIII. These adjustments are 
included in the individual airline trends but had no effect on the 
fleet average prerepair or postrepair deterioration levels. 

4.2.2 Short-Term Performance Deterioration 

Data were collected on engines returned to Pratt & Whitney Aircraft and 
calibrated in a production test cell prior to any restoration of seal 
clearances. These data were then compared to each engine's original 
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TABLE VIII 


ADJUSTMENTS TO PERFORMANCE DETERIORATION 
LEVELS BY AIRLINE OPERATOR 


Operator 

Engine 

Model 

Engine 

Hours 

Baseline 
Change in 
TSFC 

A 

D-7 

16000 

-0.2 

B 

D-3A 

16000 

0 

B 

D-7 AC N 

16000 

-0.3 

C 

D-7/7ACN 

16000 

0.8 

D 

D-3A 

16000 

0 

E 

D-3A 

9000 

0 


Note: The adjustments for baseline shifts due to modifications and 

engine conversions are shown for the engine hour time frame 
indicated. 


engine are reported in NASA CR-135431 (Reference 1). It should be noted 
that the level of deterioration measured in engine P-695743 is typical 
of that for the other engines for which data are shown in Figure 14. 

To determine the contribution of the individual modules to short-term 
performance deterioration, an analysis was conducted on the "average" 
of the fifteen JT9D-7A/SP engines for which data is shown in Figures 13 
and 14. This "average" engine had accumulated 174 hours of operation 

and 149 cycles. The results of this analysis are shown in Table IX. It 
should be noted that the estimated contribution of the individual 

components to the overall performance losses may be somewhat inaccurate 
because of the lack of detailed instrumentation for a more complete 
analysis. However, the instrumentation is adequate to determine the 
breakdown between the high- and low-pressure spool performance 
losseswith reasonable accuracy. As shown, this analysis indicates that 
the low-pressure spool contributes 55 percent to the overall engine 

deterioration while the high-pressure spool contributes 45 percent. 

On the basis of the above data and anlysis, the average short-term 

performance deterioration is 1 percent in TSFC on the first flight, 
followed by additional deterioration up to approximately 1.5 percent by 
the 200th flight. It is important to remember, however, that individual 
engines may show higher or lower losses. The cause for the differences 
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Figure 14 Short-Term TSFC Deterioration Trends as a Function of Flight 
Cycles - Short-term performance deterioration correlates 
better with flight cycles than flight time, indicating that 
this type of deterioration is probably related to structural 
loading. 


engine parameters recorded for engine condition monitoring are not of 
sufficient number to permit analysis of module deterioration. Further, 
the absence of thrust as a measured parameter requires an assumption to 
be made concerning thrust changes, if any, to analyze changes in thrust 
specific fuel consumption from fuel flow trends. The individual engine 
data obtained tended to show changes in fuel flow with time which were 
not always consistent with expected deterioration trends, suggesting 
that either instrunentation problems or variations in bleed flow were 
influencing data quality. The quality of the individual engine data was 
therefore limited in its usefulness. The average-engine airline fleet 
trends were more consistent and a summary of these data on an airline- 
by-airline fleet basis is presented in the following section. 

It should be noted that the actual in-flight fleet average engine 
performance level would be expected to be between the levels of 
prerepair and postrepair performance, since the engines in use can be 
presumed to be somewhere between the maximum performance obtained 
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TABLE IX 

MODULE CONTRIBUTION TO SHORT-TERM DETERIORATION 


TSFC 


I* 







Efficiency 

Flow Capacity 


Change (%) 

Change (56) 

Fan 

-0.25 

-0.25 

Low-Pressure Compressor 

-0.5 

-0.5 

High-Pressure Compressor 

-0.5 

-1.25 

High-Pressure Turbine 

-0.5 

+0.25 

Low-Pressure Turbine 

-0.5 

0.0 


Total 

Low-Pressure Spool 
High-Pressure Spool 


Change {%) 


+0.15 

+0.15 

+0.3 

+0.35 

+0.5 


+1.45 

+ 0.8 

+0.65 


immediately following repair and the lower performance of an enqine 
just prior to repair. 

Test stand data, therefore, provided the primary source for long-term 
performance deterioration analysis. The bulk of these data were 
obtained from postrepair engine testing. While prerepair testing is not 
usually conducted, at least a limited amount of prerepair test data 
were available for all but one airline. The results of the analysis of 
these test-stand data are presented following the discussion, below, of 
the flight performance data. 

Flight Performance Data 

Fleet deterioration trends for the participating airlines are shown on 
Figure 15, Figure 16, and Figure 17. The overall deterioration for each 
airnne is tabulated in Table X. Summaries of the operational data are 
presented in Appendix A. 

The large differences in the experiences of the operators clearly 
illustrate the difficulty in using such data to generalize long-term 
performance deterioration trends. The data really serve only to 
indicate average fuel flow changes versus time from operator to 
operator. 
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Figure 15 Fleet Deterioration for Pan American World Airways - Pan 

en 9 ines exhibited gradual, continuing deterioration 
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Figure 16 Fleet Deterioration for Trans World Airlines - Trans World 
Airlines experienced substantial variations in fuel 

Wlt . h . a 1evel higher than that of Pan American 
but a deterioration rate that was slower. 
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TABLE X 


AIRLINE DETERIORATION EXPERIENCE 


Airline 

Pan American 
A Fuel Flow (%) 
AEGT (oc) 

Trans World 
A Fuel Flow {%) 
AEGT (oc) 

Northwest 

JT9D-7 

A Fuel Flow (*) 
AEGT (°C) 
JT9D-20 

A Fuel Flow (*) 
AEGT (Oc) 


Starting 
Level 
Relative 
to Baseline 


Final 
Level 
Rel ati ve 
to Baseline 


Change 
Relative to 
Start of Trend 


Absol ute 
Change From 
Basel ine 


+ 2.2 + 1.4 

Not Available 


Enfint 4190 


A fuel 2 



60 r 

40 

AEGT 20 r>4700 lirs 

° C 0 <y 3800 hrs 


*6600 hrs 


>8600 hrs 
o^>9100 hrs 


Month 13579 11 1 357911135 ; 

7 oar 1973 1974 1975 

Figure 18 Cruise Engine Condition Monitoring Performance for Engine 
b/N 4190 - This engine demonstrated classical performance 
characteristics with a series of deterioration and recovery 
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Test Stand Data 
Prerepair Engine Performance 


S ermS ° f fue1 consu^tton 
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deterioration trends for the JT9D 3A TTQn ^ 7 6 Performance 
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than flight hours because man V S of f °° °/ f1ight cycles rather 
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Figure 20 Prerepair EGT Performance Deterioration at Take-Off Thrust 
for Individual Airline Engines Relative to New Engine 
Performance Levels - The EGT data also shows large 
variations among airline operators. 

As shown in the figures, the curves indicate significant airline 
0pe ot^ r-t0_ . 0perat . cr deferences in deterioration tends. For example 
at 3500 engine flight cycles, the TSFC changes range from +3.9 to +4.9 
percent and the exhaust gas temperature changes ranqe from 
approximately 45°F to 80°F. 

The individual airline data for each engine model were combined to 
develop "average" JT9D prerepair performance deterioration trends. 
These trends are shown in Figure 21 and Figure 22. As shown, the 
average increase in thrust specific fuel consumption ranges from 3.2 
percent at 1000 cycles to 4.4 percent at 3500 cycles while the average 
increase in exhaust gas temperature ranges from 43°F at 1000 cycles 
to 63 U F at 3500 cycles. 
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Figure 21 Average Fleet Prerepair TSFC Performance Deterioration at 
Take-Off Thrust Relative to New Engine Performance Levels - 
Average engine TSFC deterioration ranges from 3.2 to 4 4 
percent between 1000 and 3500 flight cycles. 


These data indicate the magnitude of deterioration experienced bv 
average high- time JT9D engines. In applying these average trend curves, 
it should be noted that significant variations were observed from 
engine to engine. The average one-sigma distribution for the change in 
thrust specific fuel consumption is +1.1 percent 


Postrepair Engine Performance 


Figure 23 and Figure 24 present postrepair TSFC and EGT changes 
relative to a new production engine base line for all five airline 
operators. Again, the data are presented as functions of flight cycles 
rather than flight hours because of the better correlation developed 
for many performance deterioration mechanisms with flight cycles. The 
most significant feature of these curves is the extremely wide 
^ ri xVro n ® xistin 9 f™m operator to operator. At 3500 engine cycles, 
the TSFC changes range from +2.8 to +4.2 percent. Similary, at 3500 
cycles, the change in EGT ranges from 32°F to 75°F. These 
variations appear to be related to variations in specific ^nqine 
maintenance and repair practices. ’ 
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12 3 4 

Flight cycles (1000) 


Figure 22 Average Fleet Prerepair EGT Performance Deterioration at 
Take-Off Thrust Relative to New Engine Performance Levels - 
Temperature increases up to 63®F are experienced by 
high-time JT9D engines. 

lcer ho ^lu be . noted that data from Airline B indicates an improvement in 
TSFC with time, contrary to the trend shown for the other operators. 
However, this apparent anomoly was traced to Airline B's engine 
maintenance program which included model conversion and extensive 
compressor refurbishment for many of the higher time engines, which was 
sufficient to provide an improvement in Airline B's fleet performance. 

As with the prerepair data, the postrepair data for the individual 
airlines for each engine model were combined to develop "average" JT9D 
postrepair performance deterioration trends. These trends are shown in 
Figures 25 and 26. Similar to the prerepair data for thrust specific 
fuel consumption, the average one-sigma distribution for the change in 
postrepair TSFC is +1.5 percent indicating significant engine-to-engine 
variation; however, on an average basis, the curves represent the 
postrepair performance deterioration trend for high- time engines. 
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Postrepair TSFC Performance Deterioration at Take-Off Thrust 
for Individual Airline Engines Relative to New Engine 
Performance Levels - Similar to the prerepair data, the 
postrepair data indicate significant variations among 
airline operators, with one operator actually achieving an 
improvement in performance as a result of an extensive 
refurbishment program. 
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Postrepair EGT Performance Deterioration at Take-Off Thrust 
fot Ind 1 vidual Airline Engines Relative to New Engine 
Performance Levels - Similar to the prerepair data, the 
postrepair data indicate significant variations among 
airline operators. 
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Figure 25 Average Fleet Postrepair TSFC Performance Deterioration at 
Take-Off Thrust Relative to New Engine Performance Levels - 

! n9 \ n c TSFC deterioration following repair ranges 
from 2.1 to 3.6 percent. 



Figure 26 Average Fleet Postrepair EGT Performance Deterioration at 
Take-Off Thrust Relative to New Engine Performance Levels - 
Average temperature increases up to 40°F are experienced 
by high-time JT9D engines following repair. 
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Postrepair Data Relative to Prerepair Data 

Study of the prerepair and postrepair data (Table XI) shows the engine 
performance recovery realized by repair. These data indicate an average 
recovery of 1 percent in TSFC with an average E6T reduction of 23°F. 


TABLE XI 

POSTREPAIR OVERALL PERFORMANCE DATA 
RELATIVE TO PREPREPAIR PERFORMANCE 


Airl ine Operato r 



A 

B 

C 

E 

Average 

JT9D Model D- 

7, -7(CN) 

D-3A 

D-7A(CN) 

D-3A 


Flight Hours 

16000 

12000 

16000 

9000 


Average Flight Cycles 

4700 

2140 

3800 

3200 


Engine Pressure Ratio 

1.454 

1.422 

1.454 

1.422 


Change in Performance 

Low-Pressure Rotor Speed, Nl, (%) 

-0.2 

0 

0 

0.3 


High-Pressure Rotor Speed, N2, (%) 

0 

0 

0 

0.1 


Low-Pressure Compressor Exit Temperature (°F) 
High-Pressure Turbine Exit Temperature, Tt6, (°F) 

+7 

— 

— 

— 


As Measured 

-35 

-64 

-9.0 

-40 


Adjusted for Profile (°F) 

-23 

-33 

9.0 

-40 

-23 

Low-Pressure Compressor Pressure Ratio, Pt3/Pt2, (£) 

-0.7 

-0.7 

0.4 

-0.3 


Turbine Expansion Ratio, Ps4/Pt7, (%) 
TSFC at Constant Thrust (%) 

0.0 

2.1 

1.7 

1.2 


-1.1 

-0.8 

-1.2 

-0.9 

-1.0 



Table XII shows the performance recovery obtained during repair on an 
engine module basis. These results indicate that the major portion of 
the recovery resulted from an increase in the high-pressure turbine 
efficiency, as was expected, since this area receives the major portion 
of the repair effort. 

Cold Section Refurbishment 

During the historical time period covered in these studies, several 
operators experienced significant increases in engine problems 
associated with engine stall. As a consequence, a number of operators 
began a program to refurbish the cold section of the engine. The cold 
section refurbishment program included cleaning the vanes and blades 
and replacing those with chord lengths that were out of recommended 
limits along with restoration of tip clearances to new engine levels. 
In addition, compressor modifications were incorporated to improve 
basic performance. These modifications included a restagger of the 
stage 7 and 8 vanes and a change to the variable vane control schedule. 


53 


_ * , 


J 




TABLE XII 


POSTREPAIR MODULE PERFORMANCE DATA RELATIVE 
TO PREPAIR PERFORMANCE 


Airline Operator 


B 


JT9D Model 
Engine Hours 
Change in: 

Fan 

Efficiency (Points) 

Plow Capacity (%) 
Low-Pressure Compressor 
Efficiency (Points) 

Flow Capacity (%) 
High-Pressure Compressor 
Efficiency (Points) 

Flow Capacity (%) 
High-Pressure Turbine 
Efficiency (Points) 

Effective Inlet Area, A5, (%) 
Low-Pressure Turbine 
Efficiency (Points) 

Effective Inlet Area, A6, (%) 


0-7 , -7(CN) 
16000 


0 

0 

0.4 

0.6 

- 0.2 

0.9 

1.3 

-0.3 

0 

0 


D-3A 

12000 


0.1 

0.2 

0.5 

0.8 


1.5 

1 . 2 * 

-0.3 

0.1 

0.1 


D-7A(CN) 

16000 


0.6 

0.8 

0.6 

0.9 


0 

1 . 1 * 

-0.3 

0.9 

- 0.6 


D-3A 

9000 


-0.3 

-0.4 

0.2 

0.3 


0.8 

1 . 0 * 

-0.3 


0.2 

0.1 
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Figure 27 Effect of Cold-Section Modifications and Refurbishment on 
Engine Performance - A 2.1-percent recovery in TSFC was 
achieved, with 0.8 percent attributed to the modifications 
and 1.3 percent attributed to the refurbishment. 

..^ alys . is .®[ 5^® data coverin 9 postrepair performance 
recovery with and without compressor modification and refurbishment 
indicate that the performance recovery obtained from modification and 
refurbishment was equally divided between the fan/ low- pressure 

Tabled II ^ ^ hi9h-pressure compressor. These data are shown in 


TABLE XIII 

COLD SECTION REFURBISHMENT AND COMPRESSOR MODIFICATION RESULTS 

Percent Change in TSFC 

Low-Pressure High-Pressure 


Overall Recovery 

Performance Improvement 
Fan 

High-Pressure Compressor 

Net Recovery for 
Refurbishment 


Rotor (Fan and 
Low-Pressure 
Compressor) 


Rotor (High- 
Pressure 
Compressor) 


Total 
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Since 


these initial cold-section refurbishment programs, more airline 
operators have refurbished the cold sections of their engine fleets. At 

1 q S n ZlV? 9 ’ the avera 9® of the results from all operators has been a 
^educUon of^OF 6 ^ TSFC performance and an e^aust gas temperature 


Airline D provided considerable data on both enqines 
refurbi shrnent. The data are summarized 

2.2 percent. 


-=;>iur reTuraisnmem;. me data 
indicate an average TSFC recovery of 


with and 
in F i gure 


without 
28 and 


deterioration of cold section components is discussed in Section 
4.4 of this report and provide a basis for understanding the kind of 
recoveries achieved through refur bishment. The fact that TFSC recovery 
levels ranging from 1.3 to 2.1 percent were obtained by the various 

r r d at ^r Vlde H S / n \ n . dl . catl ° n of the level of deterioration in the 
cold section modules that existed on engines before refurbishment. 
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Figure 28 Effect of Cold-Section Refurbishment on TSFC - Airline 0 
demonstrated a 2.2 percent recovery in TSFC through cold- 
section refurbishment. The changes in TSFC are all shown 
relative to new production engines performance levels. 


These data demonstrate that airline maintenance practices play 
significant role in determining an operator's deterioration level. 
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4.3 AIRLINE MAINTENANCE PRACTICE VARIATIONS 

Differences in the maintenance practices among airline operators are a 
TF" “““ f “ r differences in the performance deter experience 

a e reflected ^ ‘° the f '^ V"**- "•»"»«■« s 

the average perfo^^e^^’-partl 

resoert S*? — ? WhlC 1 h impact the conditl 'on of parts and module S d w th 
respect to limits on clearance, blends, and erosion. 

4-3. i Parts Repair and Replacement Rates 

of 6 the 1 Dart rln bet * een , . average engine performance and the condition 

S5£? i^T 2 * * '* Mai nter^nce S actions*^ h^cll^esto^e 

s£u Vlf* V ^ 'Tncl^d Then* esUmat'ing 

perf orman ce ^e^S%» 

IS performed correctly and must be accounted for in LtiLtinn S2 
performance age of airfoils. Tor in estlm atmg the 

However, in estimating the average performance aae of Dart* it mnct 

=ss sssa.-is.-B 

pfrU^VnlT^ A1rline B «" si 5tently showed, sin« 197s! ?«er 

Tte aoe of Darts ?Z t eC0Very than the other a1r,i "« studied. 

K £. ^, or ^ lr ^ lne C since performance recovery on most parts 

was between the values exhibited by Airlines A and B. * pa tb 

4.3.2 Rebuild Standards 

fe?m?M y in t «hMi r d , ^ S, a 0 T b i u ' and Repair (04R ) Manual show dif- 
Terences in rebuild standards from those recommended in the Pratt ft 

Whitney Aircraft Overhaul Manual, and actual practices wry f™ both 

I S 7ac a Uces^ t^ d -a S , eC , tl0n ap ce,%he t, d C rffe V re7cesTetween h 

«. e*. n P 1 ^ es * the airline manuals, and the Pratt & Whitnev 

Aircraft Overhaul Manual recommendations for Airlines A B and C are 

ttoTslv" 1n Tabl , e X,V - For the •»* section, tlK differences between 
for these n airfine! S are d c the P - rat } Whitne y Aircraft Overhaul Manual 

presenTecf itT detail ,7® ,B TaMe XV ' The - d ^ fp rences are 
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TABLE XIV 




TABLE XV 




SUMMARY OF DIFFERENCES IN 
HOT SECTION REBUILD STANDARDS 


AIRLINE A 

High-Pressure Turbine 

Decrease first-stage turbine blade tip clearance RIO limit 
from 0.095" to 0.080". 



Low-Pressure Turbine 

Increase third, fourth, fifth, and sixth blade knife edge 
maximum clearance by 0.020". 


AIRLINE B 

High-Pressure Turbine 

Increase vertical offset grind by 0.005" on both first- and 
second-stage outer air seal and increase first-stage outer 
air-seal diameter by 0.010". Increase clearance on first- 
stage turbine inner air seal by 0.020". 


AIRLINE C 

High-Pressure Turbine 

Trailing edge blend to first row of pedestals on first- and 
second-stage turbine blades limited to one per blade. First- 
stage blade maximum tip clearance increased by 0.006". 

Low-Pressure Turbine 

Third-stage blade knife edge minimum/maximum tip clearance 
increased by 0.003"/0.005" for honeycomb outer air seal. 

Fourth-stage blade knife edge maximum tip clearance increased 
by 0.010". 

Fourth-stage turbine inner air-seal RIO limit decreased by 
0.040". 


The differences in rebuild standards from the Pratt & Whitney Aircraft 
recommended standards have a potential influence on postrepair engine 
performance . Table XVI shows the impact of these differences on the 
"average" or nominal engine for each airline as well as the maximum 
influence for an engine operating at maximum (repair if over) 
clearances. 








\ 
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TABLE XVI 

INFLUENCE OF REBUILD CLEARANCES ON TSFC 


Percent Change in 
TSFC Due to Tip 


Airl ine 

Clearance 

Nominal 

Chanqe 

RIO* 

A 

+0.5 

+2.7 

B: 

Overhaul 

+0.7 

+3.3 

Mai ntenance 

+1.1 

+4.1 

C 

+0.4 

+3.3 


♦Repair if over 


4.3.3 Part Repair Practices 


Considerable variation in the aerodynamic quality of repaired parts was 
observed as a result of differences in repair practices. Typical 
examples of these practices are presented below. 


Practices regarding fan blade leading edge rework and limitations on 
the number of blended fan blades in the fan rotor were significantly 
different. These variations in repair process and resulting airfoil 
quality affect fan performance. 

Cleaning processes for compressor airfoils also varied. For example, 

grit blasting was used by one airline to remove surface dirt accumu- 

lation on airfoils. This approach could increase the surface roughness, 
producing performance losses and reducing the life of the parts. 

Turbine airfoil repair practices were much more uniform. However, 
turbine blade tip wear varied considerably as a result of different 

rebuild clearance standards or other factors such as operating 

practices, case out-of-roundness, or combustor temperature profiles. 



4.4 MODULE DETERIORATION 


This section presents the results of the analysis conducted on module 
deterioration based on the inspection of engines at airlines facilities 
and the analysis of the condition of parts with various usage times 
were returned to Pratt & Whitney Aircraft for inspection. 

The approach used allowed quantification of the damage mechanisms 
responsible for module performance deterioration and how the level of 
each type of damage changed with increased usage. Historical data and 
engineering experience were used in the analysis of the performance 
effects of each type of part damage on module performance. 

The following sections deal with the results of the module performance 
analysis beginning with the fan and proceeding through the engine. 
Figure 29 shows a cross section of the JT9D engine and defines the 
location of each module of the engine. 




FAN/LOW PRESSURE COMPRESSOR 


Figure 29 JT9D Engine Cross Section - The modules identified 
correspond to the breakdown used for module performance 
deterioration analysis. 
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As a final step in establishing a level of confidence in the analytical 
prediction of module deterioration levels as a function of usage, the 
analytically estimated module deterioration was compared with module 
performance deteri oration data measured during back-to-back testing of 
service engines at Pratt & Whitney Aircraft. 

4.4.1 Fan 

Performance Loss Mechanisms 

Fan performance deterioration is caused by increasing tip clearance, 
airfoil surface roughness, and airfoil leading edge controur changes 
(bluntness). 

Engine testing has established the effect of fan tip clearance on 
performance, and the results are shown in Figure 30. 



Increase in fan tip clearance (in. x 10' 3 ) 

Figure 30 Fan Tip Clearance Effects - Engine test data show that 
increases in fan tip clearance result in reduced efficiency 
and reduced flow capacity. 

Surface roughness caused by dirt accumulation and metal loss (pitting) 
also affects fan performance. The effect of surface roughness was 
evaluated by use of existing correlations of airfoil loss coefficient 
as a function of Reynolds number and roughness. These correlations 
indicate that a 10-percent increase in airfoil-roughness loss coef- 
ficient will reusult in a 1.0 point loss in fan efficiency. 
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Airfoil leading edge contour changes also influence fan efficiency and 
are tentatively estimated to be the major contributor to fan perform- 
ance deterioration at high cyclic part age. Visual inspection of 
service fan blades has shown that the fan blade leading edge becomes 
eroded, blunt, and pitted with increasing usage. Quantitative analysis 
of this phenomenon from parts inspection has not been completed at this 
time because of difficulty in obtaining an adequate number of fan 
blades with known usage times. The problem has been that very few air- 
lines maintain usage records on individual fan blades. Preliminary 
estimates of the losses caused by contour changes have been included, 
however, in the component loss versus usage curves. The estimates have 
been based on service fan back-to-back test results and by assigning 
the residual unaccounted for loss in fan performance to this damage 
mechanism. 

Representative Performance Deterioration 


Tip Clearance Changes - Tip clearances will increase as a result of 
blade length loss, blade rub strip trenching during engine transients 
and aircraft maneuvers, and rub strip erosion. Fan blade length loss, 
however, was judged to be insignificant based on visual inspection of 
the parts. Erosion does not occur in this area because the blade tip is 
thick and little centrifuging of dirt particles has occurred in the 
fan. In addition, visual inspection shows that blade length loss due to 
rubbing is negligible. 

Rub strip trenching due to engine transients in combination with 
aircraft flight maneuvers is significant. Historical rub depth data 
for JT9D-20 engines on DC- 10 aircraft, limited data from four JT9D-7F/ 
747 certification flight-test engines, and a data band representing rub 
strip measurements on ten JT9D-7 engines from 747 aircraft are shown in 
Figure 31. Although there were no hour or cycle data available for the 


Rub depth 


Airline C 

° JT9D-7/747 

data range 

*»•«■» for 10 

^ / positions 1 and 3 engines 


JT9D-7F/747 Certification 
engines 

Engine position /DC -10 

O 1 Left wing 

• 2 Center 

• 3 Right Wing 
□ Unknown time 

cycles, position 


^Average engine, 

position 2 


Engine cyctes 

Figure 31 JT9D-7/7F/20 Fan Rub-Strip Rub Depth Growth 

fully established within 1000 flight cycles. 


- The trench is 
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JT9D-7 engines, the range of data was consistent with the JT9D-7F and 
JT9D-20 data shown. The DC-10 center engine enjoys an advantage 
because inlet cowl air loads are not imposed on the fan case as with 
the wing engines on both the DC-10 and 747 aircraft. However, 
engineering experience and analytical studies on the effects of flight 
loads on fan tip clearances (Reference 2) suggest that the trench is 
established early in the life of the engine and then tends to remain 
constant. Figure 32 shows the predicted fan clearance changes from the 
Reference 2 study. Comparison of the historical data and the predicted 
data shows good agreement for DC-10 and 747 wing engine positions. 



Figure 32 Predicted Fan Clearnace Changes from Analytical Studies of 
the Effects of Flight Loads on Performance Deterioration - 
The clearance changes are predicted to occur most rapidly 
within the first 1000 flights. 



Visual inspection of fan rub strips at the airline maintenance \ 

facilities showed that negligible erosion had occurred. Trench corners | 

were sharp, and no erosion pitting was evident. 1 

Airfoil Roughness - The surface roughness measured on five blades for I 

which time was known is shown in Figure 33. The data at zero cycles is J 

the roughness level of production fan blades. The fairing between 1 

production levels of roughness and 1000 cycles and the constant level j 

of roughness beyond 1000 cycles is based on observations of many parts I 

and engineering experience. These obervations suggest that roughness j 

builds up rapidly and then remains constant. J 
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Figure 33 Surface Roughness Measured on Five JT9D Fan Blado* Pnn . 
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Figure 34 Effect of Clearance Changes on Fan Flow Capacity and 
Efficiency - Changes in flow capacity and efficiency were 
predicted based on the observed condition of service parts. 
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Figure 35 Effect of Surface Roughness on Fan Efficiency - Predictions 
based on observed parts condition indicate that surface 
roughness produces a small change in fan efficiency. 
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Figure 36 Back-to-Back Fan Test Data - The data establishes the level 
of deterioration being experienced by the average fan module. 

Performance Recovery Approach 

Fan blade tip clearance is governed by rub strip trenching due to 
engine transients and aircraft maneuver. Figure 31 showed that the 
trench is fully established early in the life of the engine. The only 
means of recovering this increment in performance loss is by replace- 
ment of the rub strips. The difference between the DC-10 center engine 
and the wing engines suggests that structural design changes could 
reduce trenching in future engines by reducing the engine bending from 
inlet cowl air loads. 


The fan deterioration increment due to surface roughness is recoverable 
by cleaning the blades. The blades must, however, be cleaned at fre- 
quent intervals. 

The performance loss due to leading edge contour should be recoverable 
by leading edge rework. Based on the overall fan performance deterior- 
ation trend, this rework should be performed approximately every 3000 
flight cycles. 
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Figure 37 Sketch of Blade Tip and Rub Strip - In evaluating perform- ] 

ance effects of clearance changes, consideration must be 1 

given to the condition of the rub strip ustream, underneath, | 

and downstream of the blade. I 


Polytropic 

efficiency 


Poiytropic 

efficiency 




Figure 38 Effect of Trenching on Performance Losses Associated with 
Blade Tip Clearance - Test data shows that the clearance in 
the trench produces one-half the loss associated with the 
clearance in the mainstream. 
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• Original running clearance (A) 

• Blade length loss (B) 

• Rotor rubstrip erosion (C) 

• Rub (trench) depth (D) 



Effective clearance = A + B + C + 1/2D 


| 

Rubstrip | 

I 


Figure 39 Definition of Effective Tip Clearance - Because of the 
effect of trenching, an effective tip clearance parameter 
was obtained to correlate the measured clearance data with 
performance. 

Engineering experience based on systematic tests conducted in a low 
speed rig and a multi-stage hi gh-pressure compressor estimates that a 
0.010 inch increase in low-pressure compressor effective tip clearance 
will result in a loss of 0.5 point in adiabatic efficiency and a 0.83 
percent decrease in flow capacity. 

Surface roughness, caused by pitting and accumulation of dirt, 
negatively affects the performance of the low pressure compressor. As 
with the fan blades, the effect of airfoil surface roughness was 
evaluated with existing correlations of airfoil loss coefficient as a 
function of Reynolds number and roughness. 

Erosion of the airfoil contour will affect performance through changes 
to the leading-edge shape, and airfoil camber. 

The performance deterioration for airfoil contour changes caused by 
erosion were estimated using a radial streamtube compressor performance 
computer model. This model consists of the equations of motion combined 
with cascade loss and turning correlations. 
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The geometrical airfoil properties which govern cascade performance are 
t e ^"9 edge ang e (Bl*), trailing edge angle (82*), gap to chor3 ratio 
(tau/b) and thickness to chord ratio (t/b) , as shown in Fiauri 40 
Cnanges to these parameters due to erosion were determined from the 
inspect, °n ° f used parts. In the case of the T«-pressure c«pr«sw 

n^i/'-M 0 ' S u C0 lected w,th usa 9 e levels up to 5500 cycles indicated 

Slr^sectfor t0 these ^ - diSSeTM 


r (Gao) 



Figure 40 Nomenclature for Airfoil Parameters - The parameters shown 

a> e the significant parameters with respect to the effects of 
erosion on airfoil performance. erreccs or 

Representative Performance Deter i orati on 

XTP Clearance Change s - Tip clearances can be affected dv lose of hiario 

aircraft ^eSver*! "aid* bv h '" 9 h “f - t0 rubs . durin3 engine transients and 
aircrart maneuvers, and by rub strip erosion. Of these, the rub striD 

trenching and erosion were found to be significant Results of 

measurements taken on service parts indicated that blade length losses 

For- 6 3e « the 1 ow- pressure coL P r«sor 

For example, the third-stage blade length loss data compared to 
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production tolerances is presented in Finur*> ai i n11 . 
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Figure 41 Low-Pressure Compressor Blade Length Loss Data for Rotor 3 
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described above, the deep trench depth (0.012 to 0.030 inches) formed 
by rubbing within the first 350 cycles gradually decreases as a 
function of the rub-strip erosion rate until a trough (zero trench 
depth) is produced. 


LOW CYCLIC AbE MODERATE CYCLIC AGE HIGH CYCLIC AGE 



Figure 42 Schematic of Low-Pressure Compressor Tip Clearance Wear 
Mechanisms - Trenching occurs early followed by erosion of 
the rub strip until it is virtually eroded away. 



HUiMl 

Figure 43 Rub Strip Erosion Data for the Low-Pressure Compressor - The 
erosion rate increases with each successive stage. 






r Figure 44 Trench Depth Measurements for the Low-Pressure Compressor - 

k* trench becomes well established in the first several 

hundred cycles and then erodes to a trough with additional 
cycles. 


These data in conjunction with rub predictions based on analysis of the 
effects of flight loads on performance deterioration (Reference 2) were 
used to determine the effective tip clearance increase relative to 
production acceptance tip clearances. The results are presented in 
Figure 45. The overall average effective tip clearance increase due to 
flight loads and erosion are indicated. 

The estimated effect of tip clearance increases on low-pressure 
compressor performance is shown in Figure 46 and indicates a loss of 
two points in efficiency and 3.3 percent decrease in airflow capacity 
after oOOO cycle''. 
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Figure 45 Effective Change in Blade 
Compressor - The average 
inch in 5000 flights. 


Tip Clearance for the Low-Pressure 
effective clearance reaches 0.04 




FLIGHT CYCLES 


Figure 46 Effect of Tip Clearance Increases on Low-Pressure Compressor 
Performance - The increases in tip clearance produced by 
trenching and erosion will produce a loss of two points in 
efficiency after 5000 cycles. K 
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The effect of roughness at sea level on low-pressure compressor 
efficiency was estimated. The result is shown in Figure 50. As shown, 
surface roughness increases cause an efficiency loss of approximately 
0.2 percentage points. The effect of surface roughness on compressor 
flow capacity was not determined. 




Figure 50 Effect of Low-Pressure Compressor Airfoil Surface Roughness 
on Efficiency - The increase in surface roughness causes a 
loss of 0.2 percentage point in low-pressure compressor 

efficiency. 

Airfoil Contour Changes - Typical data for airfoil profile changes 

versus cycles for the tip section of stage 2 are shown in Figure 51 as 
an example. All stages are shown in Appendix B. Shown on these figures 

are the changes in: 1) leading edge angle; 2) trailing edge angle; 3) 

chord length (M dimension); 4) thickness at the 10-percent chord 
position (measured from the leading edge); 5) maximum thickness; 6) and 
thickness at the 80-percent chord position. Examination of these data 
for all stages indicate that the airfoil parameters have not changed 
significantly over the time frame of usage available from the parts 
collected. The performance penalty due to airfoil contour changes is 
therefore judged to be negligible. 

Over all Pet er i or at i on - In summary, the overall performance 
deterioration of the low-pressure compressor is dominated by rub-strip 
trenching due to flight loads, rub-strip erosion, and airfoil surface 
roughness. The estimated performance loss as a function of engine 
flight cycles is shown in Figure 52. As can be seen for both efficiency 
and airflow, the losses due to rub-strip erosion continue to increase 
with flight cycles. The efficiency loss resulting from airfoil surface 
roughness is estimated to remain constant after the initial 400 cycles. 
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Figure 51 


Second- Stage Rotor Tip Profile Data - Typical of the rotor 
P. r ° l]? data, these data show only a minor decrease in 
airfoil thickness with increasi ng f 1 ight cycles. 



TOTAL 



KUB-STK I P 
EROSION 


CLEARANCE 
DUE TO 

FLIGHT LOADS 




Figure 52 Estimated Overall Performance Loss for Low-Pressure 

Compressor - The analysis, based on used part inspection, i 

indicates an efficiency loss of 2.2 percentage points after j 

5000 cycles. i 

Figure 53 shows the estimated performance data presented in Figure 52 : 

together with the measured low-pressure compressor performance changes ] 

determined from back-to-back testing of service engines at Pratt & T 

Whitney Aircraft. The results of analyses of prerepair historical data 

for Airlines A and C are also shown at the appropriate low-pressure 

compressor ages for average 2000 and 3500 flight cycle engines. 1 

Comparison of these sets of data reveals that the analysis does not 

account for all of the flow losses. Since the analysis did not indicate 

a flow capacity loss associated with surface roughness, it is possible 

that the observed flow loss differences in some engines may result from 

variations in surface roughness. The estimated flow loss line in Figure ! 

53 is based on engineering experience. This experience indicates that ! 

somewhat higher losses would be anticipated as a result of the i 

first- stage stator trunion popping into the airstream, which was 

observed during trips to the airlines, coupled with the very high 

relative Mach number into the vane. Additionaly, there is uncertainty i 

in the measured value of low-pressure compressor flow capacity loss j 

because of the limited instrumentation. It seems reasonable to j 

establish the overall flow capacity loss at a somewhat high level for 

conservatism for the preliminary model. 


J 


80 




Figure 53 Low-Pressure Compressor Performance Loss Based on EstimatP* 

BaTto? B V^ 10n ’ / * Historical “Lta! aSd 

flow loss line is 'based ^ ervlce Compressors - The estimated 
loss nne is based on engineering judgement. 

Performance Recovery Approach 
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4.4.3 High-Pressure Compressor 
Performance Loss Mechanisms 


High-pressure compressor performance deterioration is caused by three 
factors: changes in blade tip clearance, airfoil surface roughness, and 
airfoil contour. 

Tip Clearance - The tip clearance wear in the JT9D high-pressure 
compressor is made up of three parts: 1) the trench dug in the rub 
strip during engine transients and aircraft maneuvers, 2) erosion of 
the rub strip, and 3) loss of blade length. All three wear mechanisms 
produce significant effects on performance. 

A schematic of the tip clearance wear mechanism for several ages is 
shown in Figure 54. At low cyclic age, no erosion has taken place on 
the blade and the rub strip. However, a trench has been formed due to 
rubbing. At moderate cyclic age, some erosion has taken place on the 
blade and on the flow-path wall ahead of and behind the blade tip. At 
high cyclic age, additional erosion has foreshortened the blade, and 
the flow-path wall has been eroded to the extent that the trench is no 
longer visible. 


LOW CYCLIC AGE 


MODERATE CYCLIC AGE HIGH CYCLIC AGE 





Figure 54 Schematic of Tip Clearance Wear Mechanism for High-Pressure 
Compressor - Erosion and trenching occur early in the 
compressor life, but continued usage results in erosion that 
virtually eliminates all evidence of trenching. 
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Figure 56 Rub- strip Erosion Rate for Sixth M . .. 
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Figure 58 Effective Tip Clearance Increases Relative to Production 
Acceptance - Blade length loss and trench erosion are the 
major causes for clearance changes. 

Sf-! dCe R . ou g hness - Base-line surface roughness for new hardware was 
et ermi ned by measurements made on available new Darts The data w 
averaged for parts produced using the sle XrUls and processes 
Roughness measurement data for stages six, nine, and fourteen Ire 

respectively* 1 Simfl'ar 5 61 f ° r the blades and stator s> 

used oarK and l nn V the l 0 "*' press ure compressor, inspection of 

quickfv in ahnnt ?nnn ^i n9 h? Xpen 1 enCe indl ’ cate that roughness builds up 
rvrio about flight eye 1 es and then remains constant. The zero 

new Darts ^^n^ni 3 ^ 3 ? 6 production 1eve1s of roughness measured on 
new parts. A crossplot of roughness at 2000 flight cycles by staoe 
number is shown in Figure 62. y y Dy stage 


The effect of surface roughness on the high-pressure compressor 

llVnl f cy , was Pr edicted and the results are presented in Figure 63 
The observed change in surface roughness would result in a loss 9 of 0 
point in efficiency for both sea level and cruise conditions. fSe 
analysis did not predict a change in flow capacity for roughness. 
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9 59 Ri?Hl P T^ SS n r i e Compressor Performance Loss Attributed tc 

Blade T P Clearance Increases - Rub-strip erosion and blade 

"? cause h the of the deterioration induced 

by tip clearance changes. 
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Figure 60 Surface 


F nil rF 0 0„ t h R 7 hneSS B1 D f a for 0190 Sixth "» N1nth -» and 
oinhff nth ^ St ^ 9e * B J adeS ” Surface roughness increases 
slightly during the first 500 cycles and then remains 
constant. 
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Figure 61 


Surfaee Roughness Data for JT9D Sixth-, Ninth-, and 
Fourteenth-Stage Stators - The trend for surface roughness 
for stators is similar to that for the blades with an 
initial increase followed by no further change. 
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Figure 62 Surface Roughness for JT9D High-Pressure Compressor Blade 
and Vanes at 2000 Cycles - Surface roughness increases an 
greater for the vanes than for the blades, with the leas 
change occurring in the rear stage blades. 
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Figure 63 Prediction of Effect of Surface Roughness Changes in 
rhan^ " Pr ® ssure Compressor on Performance - The observed 

pSr n fin , VfTc 1 ency , : 0IJ3hneSS W ° Uld '' eSuU ,n a loss « °- 23 

Airfoil Con tour Changes - The changes to airfoil contours were 
determined to be a function of flight cycles rather than hours This is 
evident f ram inspection of the airfoils shown in F^res 64 and 65 

cycles Sh *d 3 a Set sat f with 65 “, ,th t h,9h k h0 ? rly usa 9 e but »Uh moderate 
ycies and a set with moderate hourly usage and hi qh cycles 

respectively. The parts set with the higher cycle time, shown in Fiaure 
o5 is much more eroded than the parts shown in Figure 64, althouqiAhe 
eroded set had lower hourly age. Severe erosion in Figure 65 is 
indicated by the rounded blade tips. 9 o s 

This flight cycle dependency is also evident from the data shown in 

ur^ W f h r h t airf0 : 1 tiP r C . h0rd iS Presented as a function of flight 
fr^ dTffil;? ^les. The different synbols shown represent data 

from different engines and were used for data quality assurance 

cppn° nS * i The i- d M. a t° r a11 stages is shown in Appendix B. As can be 
seen, only slight changes are indicated when plotted as a function of 

f uncti on ^of "cycles f si9n,ficant chan 9“ are indicated when plotted as a 
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Figure 64 JT9D High-Pressure Compressor Blades with High Hourly Usage 
but Moderate Cycle Usage - These blades show relatively 
1 ittle wear. 


SMl'? 1th 




Figure 65 JT9D High-Pressure Compressor Blades with Moderate Hourly 
Usage but High Cycle Usage - These blades show severe wear 
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Figure 66 Chord Erosion Data for Tip Region of Fourteenth-Stage Blade 
holrs S °“ that eros1 °" 1S a function of cycles, not 

As for the low-pressure compressor, changes in the Geometric 
properties due to erosion were determined from used ^part inspection 
Figure 67 shows typical airfoil geometry changes due to erosion ^ a 

fiSnd tnT 0r , R0t0 K r , V ha " 9es in root cross-section Ton^ were 

blades showed rtot'tto 6 f0r 3 stages. Further inspection of the 
Diaaes showed that the erosion occurred primarily in the outer (tin) Rn 

r„t C h nt f ° f ‘J? w span - Sh0wn in F,9ure 68, which shows a cross^o of the 

to tip Sta9 v e is b a a i e ins^; Jr “ a « »lade spa" f ro™ 

that 1 no ipiizTz 

are ^ consi dered^neg l , gible I* 6 ° f tM * ££ 
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Figure 68 Airfoil Contour Changes as a Function of Leading Edge Spar 
(Ninth-Stage Rrtor Blades) - The ninth-stage blades 
experienced . ne contour changes, predominately at the tip. 


The high-pressure compressor deterioration performance loss caused by 
contour changes versus usage is shown in Figure 69. 




Figure 69 Estimated Effect of Airfoil Contour Changes on Performance - 
Contour changes produced by erosion have negligible effect 
on performance during the first 3000 cycles, but at 6000 
cycles they produce an efficiency loss of 3.5 percentage 
points and an airflow loss of 5 percent. 

Overall Deterioration - The combined effects of the five' deterioration 
mechanisms on compressor performance are shown in Figure 70. 

The distribution of the performance losses at low, moderate, and high 
flight cycles is shown in Table XVII. As shown, at low to moderate 
cycles, the majority of the deterioration is caused by rub- strip 
trenching and erosion. At high cycles, airfoil contour erosion and 
blade length loss become increasingly dominant. 

Comparison of the overall estimated loss in high-pressure compressor 
performance deterioration based on used parts inspection and the levels 
of deterioration determined based on back-to-back service engine 
testing is shown in Figure 71. 
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At low-t^iioderate age thelai P ? t rfor f "' ance Deterioration 
caused by 00^0 we^r !hni the Deterioration 

erosion becomes increasingly dOTinant'. 9 496 ’ airfoi ' co " to 
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TABLE XVII 


Cycles 

1000 

3500 

6000 


total high-pressure compressor efficiency 


Total 

Efficiency 

Deterioration 

(Points) 

1.35 

3.40 

9.40 


Percent Due 
to Rub-Strip 
Trenching 
and Erosion 

70 

62 

36 


Percent Due 
to Blade 
Length Loss 

13 

28 

25 


deterioration 


_ Percent Due 

Percent Due to Airfoil 
Surface Contour 

Roughness Erosion 


17 

7 

3 


0 

3 

36 


1 


? 


1 

1 
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Figure 71 Predicted and Experimentally Measured Hiqh-Pressure 
Compressor Performance Deterioration - Good agreement is 
obtained between the predicted deterioration and the trends 
indicated by back-to-back high-pressure compressor testing. 


Performance Recovery Approach 


The performance lost due to airfoil roughness 
recoverable by cleaning. The roughness builds 
indicating that frequent cleaning would be required, 
practical on-wing cleaning needs to be developed 


for 


is theoretically 
quickly, however. 
An improved method 
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The performance increment due to tip clearance is recoverable only bv 
replacing hardware. Figure 69 shows that above 3000 cycles, the losses 
from airfoil contour changes and blade length loss become increasingly 
significant. Rebuilding the high-pressure compressor, including rub 
strip and blade replacement and cleaning of stator airfoils, should be 
considered on any module with more than 3000 flight cycles. 

4.4.4 Combustion System 

Combustion system hardware deterioration involves coking of the fuel 
nozzles, which results in nonuniform fuel spray distribution, and 
changes to the critical dimensions of the combustor, in particular, the 
cone angle, as shown in Figure 72. 


Engine f. 


Cone angle 



Outer Combustion 
chamber 


Figure 72 Definition of Combustor Cone Angle - Deviations from the 
optimum cone angle may result in an adverse radial 
temperature profile at the turbine entrance. 









The two combustion system performance parameters which impact enqine 
performance directly are burner pressure drop and combust 
efficiency. However, pressure drop remains relatively constant as a 
function of usage level for a given combustor design, and combustion 
^ 1cie " c * 1S essentially 100 percent for all power setting? exceot 
idle and does not appear to be dependent on fuel nozzle or combustor 
conditions except in the most extreme cases of deter Nation 
hi !? re * deteri or ati on of the combustion system hardware does not 
c y, ave a significant effect on engine performance deterioration! 

However, it should be noted that the engine is sensitive to the 

combustor exit temperature profile which is determined, in part, by the 

tefiST S' VY' For example, in ’one backpack 
test conducted by Pratt & Whitney Aircraft on combustors with two 

6X1 n 7 tem P erature Profiles, the difference in combustors 
resulted in a 0.7 percent difference in TSFC. 

If%h?? US )i? r does, have ver, have an indirect effect on the performance 
of the turbines, primarily as a result of changes in the combustor exit 
temperature profile. The temperature profile is affected by: (1) fuel 
nozzle coking, (2) combustor hardware dimensions as influenced by 

anT ( !^hl„ e £s ^ „ Pr cone ^,1 e‘. 3 ’ con " ,ress< > r d1schar 9 a pressure profile, 

sketched Ur fii Fl^rl 7 f ? ss ' n b . ,e f .r ad ! al temperature distributions are 

sketched in Figure 73. Distribution I is weighted heavilv to the 

midspan portion of the gas path and represents the typical distribution 

heavi 1 h repa J red combustion system. Distribution II is 

heavily weighted to the outer portion of the gas path and could cause 

cl earances^wi t?? t0 h expan . d rad1a lly outward, increasing blade tip 
ttt^c hot ”i 1th a - ^ b ^ e d uent loss in turbine efficiency. Distribution 

cause h?arf V e 1 ni W tf 9ht6d t( \* he inner P° rtion of the gas path and could 
cause blade platform curling and subsequent aerodynamic performance 

penalties In addition case radial shrinkage could excessively ?ed2ce 
runring clearances, causing blade tip and knife-edge seal wear. 

se^ r£ n :„T4.TV i5Cussed - 




Radial position, % span 

Figure 73 Combustor Radial Temperature Distributions - Distribution I 
is typical for a properly operating combustor, while distri- 
butions II and III may result in adverse conditions in the 
turbi ne. 

It should be noted that changes in the combustor exit temperature 
profile may be produced by deteri orati on of the compressor as well as 
deterioration of the combustor. Compressor deterioration would tend to 
reduce the total pressure along the outer liner of the burner and 
conceivably shift the profile inward. This is because reduced blockage 
occurs along the inner wall due to poor penetration of the cooling flow 
through the outer liner secondary cooling holes, leading to a higher 
temperature along the inner flowpath wall of the turbine. More 
extensive testing is required to understand the interactions between 
the compressor discha-ge profile, combustor and fuel nozzle physical 
condition, and combustor discharge profile and their impact on turbine 
performance. 






4.4.5 High-Pressure Turbine 
Perfonnance Loss Mechanisms 

The perf ormance loss mechanisms which cause high-pressure turbine 
perfonnance deterioration are increased tip clearance ’and vane boln 
and twisting. As in the compressors, the airfoil surface roughness also 
increases with usage, but the performance penalty is significantly 

lower than with the other mechanisms responsible for turbine 
deterioration. " ,c 

L n H r nin d ht t i l !! b i ne C ^ e fu anC - e 0CCurs as the result * engine transients 
c^i V ft ] oads and the interaction between the blades and outer air 

seals. Rig test data and analysis has established the relationship 
between changes in tip clearance and turbine performance, and this 
relationship is presented in Figure 74. 


First blade 
Clearance <mhsi 


Second blade 
Clearance <wts> 


A Efficiency 
(points) 



A Efficiency 
(points) 



Figure 74 Effect of High-Pressure Turbine Blade Tip Clearance on 
Turbine Performance - Relatively small changes in tip 
clearance produce significant losses in turbine performance. 

Vane distortion results from both aerodynamic bending loads and the 
temperature environment. This distortion takes the form of twisting and 
tilting of the inner platform relative to the vane support. The result- 
ing mismatch of the platform, creates a leakage path for cool flow ?nto 
s J re * m ’ ^suiting in reduced turbine efficiency. Figure 75 

we oath 6 for t'i , leakage path ’ and Fl >re 76 shows thl leak- 

age path for the second-stage vane. The magnitude of the resultinq 

Figure 6 77 hdS estlmated ana1 ytically, and the results are shown in 

^: n9 T e K d9e b ° wing in a turbine vane causes the gas path flow area to 

caoacitv T whirh Ch fn 9 f resu J ts in a chan 9e in high-pressure turbine flow 
T^rr tL mlnn’l a tu ™ ^nges the engine cycle pressure ratio and the 
TSFC • The magnitude of this effect is shown in Figure 78. 
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Figure 75 High-Pressure Turbine First-Stage Vane Leakage Path - Vam 
distortion can result in leakage under the vane platform. 
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Figure 76 High-Pressure Turbine Second-Stage Vane Leakage Path - Vane 

twisting creates a leakage path between the vane platform 
and the si deplates. 



First vane 


Second vane 


2r 


Leakage 

flow 

< C rW«> 



Twist i mus) 



Figure 77 


Analytical Estimate of High-Pressure 
Leve!s as a Percent of Engine Airflow 
flows can result from vane distortion. 
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Figure 78 Analytical 
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Increases -m the surface roughness of airfoils is caused by n a rtir U i a i-e 

bein9 ? eposit ® d 0,1 (° r roughening) the surface of the" airfoils 
The increase in roughness increases the friction coefficient causinq an 

]o C Hf aSe in boundary layer thickness and pressure loss. The net effect 
is decreased turbine efficiency, 

; es f uU , s ( ? ee Fi r e 79) ,nd,cate that ‘he concave 

convex surface? Thu “a'iff ^ 3 h ' 9he [ a,e, ' a 9e roughness than the 
convex surfaces. This difference occurs because the concave surface of 

... .t^ 1 . 

the U9 Sa7ucles an in th tL7, ? r°s n t stag?.’ PerKaPS b6CaUSe ° f fomentation of 


Gas flow' 
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Figure 79 High-Pressure Turbine Surface Roughness Measurement Results 
The greatest roughness levels occur on the concave 
surfaces and in the upstream stage. 

Representative Performance Deteri orati on 


jla_de-Tip Clearance - Considerable effort was made to correlate tip 
clearance changes of the unshrouded first-stage blade with flight hours 
and cycles because of its performance impact. The data, however did 

rTf y dr ' y c ° rrelat10n » Perhaps indicating that blade tip rubbing 
and clearance changes occur early in the life of the engine and that 
the amount of wear is related to other factors, such as rebunS 
standards or engine utilization. Typical clearance data plotted as a 
function of engine cycles is shown in Figure 80. P 3 
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Figure 80 Tear down 


Outer Air C Se e eT anC R S l a Hf e H ’ 9h .' PreSSUre Turb,ne First-Stage 
with engine cole's P c,earance data «° "<* correlate 


s-»5 5 S~ 

clearance 5 sometimes indicate that these blades^sufTer'Te^^ft^tle^welr'’ 
This implication is substantiated by airline first-staJ Ma,fa tin 

awaSwW---**: fe 

The changes in first- and second-stage blade tip clearance 

hi nh n^flcci^o +. w ^ -- . . trie cTteCt Of thG Clearance rharmoe nn 

mgn-pressure turbire efficiency as a 
results are presented in Figure 


with usage 
ines and 


of the clearance 
function of engine 
The band shown on 


changes 

results are presented in Fioure a? " Tho" w 'u t,,a " ,c c y cles - i ne 

represents the minimun clearwce cfange predicted r?™ The* ^nal vi ?Ur ? 
studies and the maximum clearance based on observations. ytical 
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Figure 81 


Correlation of High-Pressure Turbine 
Wear With Inferred Initial Clearance 
that initial build clearances below 
turbine to rubbing and substantial tip 


First-Stage Blade Tip 
- The data indicate 
0.073 inch expose the 
wear. 


TABLE XVIII 

AVERAGE TIP CLEARANCES AT BUILD AND TEARDOWN FOR AIRLINES A AND C 


Airline A (60 Engines) 


Average Tip Clearances (inch) 
Ou 1 ^ d Teardown Change 

°-078 0.080 0.002 


Airline C (9 Engines) 


0.068 0.090 0.022 


V ye Twist - The distortion or twisting that occurs in the first-staoe 
vanes was found to be very small. The estimated associated effic?en C 9 y 


penalty is considered to be negligible. 
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Figure 82 Predicted High-Pressure Turbine Performance Deterioration - 

fl«‘ wa? aimirfif"? » w I en the feet was ">e«<ired and a leakage 
°w was calculated using the correlation shown in Fiaiirp u 

eKSJ 'BrSr i: 


A Efficiency 
(points) 1 
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Figure 83 High-Pressure Turbine Performance Deterioration Resulting 

baTd S nn C M" Sta9e 1 J' ane t Tw1st, "3 - The data scatter shown 
based on the results of parts inspection data. 

Va ne Bowin g - Inspection of used parts revealed a considerable ranae n f 

MSS txiS ! 

second^tage - 
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ir Figure 84 High-Pressure Turbine First- and Second-Stage Flow Capacity 

7 Vane bowing results in approximately 0.2 percent increase 
in flow capacity in the first stage and 0.1 percent in the 
second stage. 

IF Surface Roughness, - The predicted effects of surface roughness levels 

on turbine efficiency penalties are shown in Figure 85. The surface 
roughness levels measured during service parts inspection were such 
that negligible performance loss could be assigned to this 

deterioration mechanism. 
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Figure 85 Estimated High-Pressure Turbine Efficiency Loss Associated 
With Surface Roughness - Extremely high levels of airfoil 

effect 6 on ** re J ui ?'? d to Produce any significant 

effect on high-pressure turbine performance. 

^TVaU D f«Tst°lnd m b m'nI, he h' C °h' 1 ' bined effects of tip cleara "“ changes 
:.“T twist andbow on high pressure turbine efficiency and flow 

capacity are shown in Figure 86. The average effect and the ranae 

with res n unr S of r back P Tn 'f, 1 ati ons are ? h «" f “- each mechanism along 
wiui results ot back-to-back service engine tests. 

The engine data correlates well with the overall estimated efficiency 

i a ^ The l ata indlcate the average high-pressure turbine loses 

1.45 percent in efficiency after 1000 cycles of operation The flow 

Thp 30 i rit> however ’ dld not correlate with the estimated effect 

The wide differences could be attributed to compressor discharqe Dres- 
sure profile shifts, which could introduce errors in the measurement of 
the compressor exit pressure (P s4 ) which is used to calculate the 

turbine first stage vane area (A5) and flow capacity. 

Performance Recovery Approach 

The performance loss due to blade tip clearance increases is recover- 

k ?5 aC J- ng 9rooved seal lands with new material, repairina 
damaged blade tips and knife edges, and by rebuilding the engine to 
reconmended tolerances including those on blade length and offset 9 grind 
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Figure 86 High-Pressure Turbine Overall Performance Deterioration - 
Back-to-back performance testing shows substantial variation 
in flow capacity, possibly because of pressure profile 
shifts. 

The performance loss due to vane distortion is temporarily recoverable 
by restoring the vanes to production tolerances. If a vane is twisted 
upon removal from its first service run, it can be reworked to restore 
it to the as-new appearance. However, this repair would be effective 
for only a limited period of time since the vane returns to the pre- 
worked twist and then continues twisting as if it had never been re- 
paired. For the first-stage vanes, twist is not a significant factor, 
and restoring the part to production tolerances is sufficient. For the 

a n<^ in noc -k kwa avi' al ur? rlf ki r»-T -k ho -j foot c kvrs i il rt hn 


second- stage vanes, the axial width 
restored by a buildup of hardfacing. 


shoul d 


The performance loss due to bow can also be temporarily recovered by 
restoring the part to production tolerances. The usual way this is done 
is by hot restriking the airfoil. 

Although the performance loss due to surface roughness is small, it is 
recoverable when the used airfoils are cleaned or stripped and 
recoated. This procedure restores the surface finish to the as-new 
condi ti on. 
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Concerns 


The inability to correlate first-stage blade rub depth or blade tin 
wear directly with hours or cycles suggests that other mechanism^ such 

as corner profile shift, rework clearance standards case 

out-of-roundness, or other factors yet to be defined are involved In 
high pressure turbine performance deterioration. 

4.4.6 Low-Pressure Turbine 


Performance Loss Mechanisms 


The deterioration of low-pressure turbine performance is causpd hv 
WrfLance l£ s s ' 9n,f ' cant, > tribute to low-pressure turbine 


The estimated effect of low-pressure turbine clearance chanaes on 
efficiency is shown in Figure 87, based on analytical calculations 9 . 
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Figure 87 


Effect of 
Efficiency 
change in 
effect of a 


Blade Tip Clearance on Low-Pressure Turbine 
- The combined effect of a 0.020-inch clearance 
all stages would be significant even though the 

be very small ^ aranCe change in one individual stage would 
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In-pUcI o“V plVtf™ cl^Z t0 the f«tened- 

Path shown in Figure 88 This J ' produces the leakage 

mixing into t’he 
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Figure 89 Estimated Effect of Vane Sow on Low-Pressure Turbine Flow 

ty . Vane bowin 9 is estimated to increase thl 
pressure turbine flow capacity by less than 1 percent 
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Misalignment of vane inner platforms is termed "soldierinq » It create 
steps in the inner flow-path surface which cause aerodynamic* 1 os es Fm 
; fL° b h S f Vat,W . 0f '"-Pressure turbine modules ' before teard«n 

al ore d c^onf S S, t h'i rbine 1 f f,ClenC) ' “ aS ««■*«■ 

cai predictions, and the results are shown in Figure 90. * 

1n SUrfaCe roughness in the low-pressure turbine are relatives 
small, as shown in Figure 91, and are smaller than that experTenced n 
the mgh-pressure turbine. Measured roughness in this ranae ic PctimAtoH 
to cause negligible efficiency loss in the low-pressure 1^^! “ ted 
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Figure 90 


Effect of Vane Inner Platform Misalignment on Low-Pressure 
Turbme Efficiency - Misalignment, or "soldiering" tmiclllv 

0 r O 5 O Ce inrh te ^w in 1n the 9aS path that range f 3 ™ ¥.030 Jo 
percentage poYrH/ co " sequent efffcie "cy penalty of about 0.2 

— -n. ^-"'Convex 
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Figure 9! Low-Pressure Turbine Airfoil Surface Roughness Measurement 
Data - The range of roughness in the low-pressure turbine is 
much less than that in the high-pressure turbine. 
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of .u blade tip clea r ance ir »creases on low-pressure turbine 

i^f “*W n «l Wt st"3Sl« b of ed the 

These results are shown i n^Tqur? 92 'J"! f }rU f ne re £ uild standards. 

night cycles. The average IffiJencv losV"^ °" ° f the ™ mber of 
percentage point. ^ oss 1S approximately 0.25 


is approximately 0.25 
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Figure 92 Effect of Blade Tip Clearance Changes on Low-Pressure 
Turbine Efficiency - Increases in blade tip clearances are 

S approx imat el y^ 0^ 2 5 3 p^ cental roi 6 nt S . Ure tUrMne 

bowing w P hich "reduce the effictfve vane COmb(nation “ ith *»• 

t ^ greatest ' °f n‘ t iTt hild “"stage ' °C "a" Sta9e • .* » f < «> 

penan^ssocated with the observed* 

r^9e me OT SU 40 d to r °W h l?cloi f n°ci>el?“F P or e: roughness* T t hi^ranV^t he?e ** 
negligible efficiency loss in the low-prlssure turbine. 9 ' th 1S 
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Figure 93 Average Loss in Low-Pressure Turbine Flow Capacity 
Associated With Vane Bow and Twist - Average flow capacity 
losses ranged from 0.6 percent in the third stage to 0.2 
percent in the sixth stage. 

Overall Deter i orati on 


The combined effect on low-pressure turbine performance versus flight 
cycles based on part inspection data, build standards, and clearance 
changes is shown in Figure 94. As can be seen, the overall efficiency 
loss due to clearance changes and vane soldiering is about 0.4 
percentage points after 2000 flight cycles. The effect of clearance 
changes on flow capacity after 2000 flight cycles is about a 0.2 
percent increase. 

Performance Recovery Approach 

Most of the performance loss in the low-pressure turbine is due to 
clearance changes which are recoverable. This is achieved by: 

1. Replacing grooved seal lands with new material. 
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2. Repairing bent or broken knife edges, and 

3. Grinding the lands and knife edges to bring the clearance 
back to production limits. 

Soldiering can be controlled by fabricating individual vanes into 
groups of two or three vanes. Experience has shown that this procedure 
will usually eliminate platform misalignment. Pratt & Whitney Aircraft 
experience has also shown that clustered vanes provide higher 
durability and provide up to a 0.2 percent TSFC improvement due to 
reduction in vane leakage paths between individual vanes. 
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Figure 94 Estimated Average Overall Low-Pressure Turbine Performance 
Deterioration - The data indicate that the average 

low-pressure turbine loses 0.25 percent in efficiency and 
gains 0.15 percent in flow capacity after 1000 cycles of 
operation. 


The performance loss caused by low-pressure turbine vane bowing can be 
restored by hot restriking vanes that are over the overhaul limit. The 
timing of all of these repairs should be keyed to an as-required 
disassembly of the low-pressure turbine module because the potential 


for performance improvement is small 
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Concerns 


suff?ripn? i d ta co11ectlon efforts, it was impossible to obtain 
suffTC’ent low-pressure turbine parts with known usage intervals since 
the airlines had not maintained records of part times. The credibility 
fnJ 0 t 1o r preSSUre turbir: perf ormance loss levels % therefoJe 

est?maL an Airl°ine eC S ani h mS ^ availab1e at this time to improved 
i-ocfoa 6 ’ A • e ?» however, reported that they had back-to-back 

a?? np i en91ne Wlth 3 h 1 gh time low-pressure turbine module and an 
si anif irant*° W rh reSSUr ^ tur ^. ine module and were unable to detect any 
indicate that ?hf ® n 9i" e per formal °e. This result would teod to 

analytical estimate! a " d S “ PPOrt the 9enera ' le »el <* ‘he 


4.5 VERIFICATION AND DATA ENHANCEMENT 


dete?mi C ned be by 'conduct]^ toplLn^L^boUo^-u^ aJSlysS* 1 to^defTe 

•ssi. 

to ~ra\1 th^qual i?y ,0r »" 


4«5,1 M Top Down 11 Analysis Procedure 


I b ® top d °wn analysis begins with definition of parameter deviation 

!™\ a r° dU , Ct :° n base 1ine * This requires correction of Test data Jo 

co?Ject?on CO for d'iffpr tem P eratur e, pressure, and humidity; additional 

cells and any Hifff renCeS - in ai ^ ine ar| d engine manufacturer test 

(such as nnT.ioc T nces in engine back -to-back test configurations 
(such as nozzles), plus corrections for any differences in internal 

part„con f , 3 urati on between the production ba!e line and the in-s!rv?cl 


J eature , of the analytical technique mentioned previously 
V se °I P arame ter coupling to reduce the number of unknowns in 
the top down data sets. Table XIX illustrates the effectiveness of this 
technique by showing the output of the engine simulation usinq various 

S Vh b J e Hr amet f coupling tehnigues as «n as the one flVy ustl 
ata analysis. In this table, the first column shows actual 

s e S n the P °ruZ? 1r nTTH f ° rmanCe d3ta dS measured * Tti e remaining columns 
output °T the engine simulation when it iterated the module 

en gi m^perf orm!m« e par aneters ? * tt “* l ° * aUh the ««"" 


th^ f i 1 ho t in three engine simulation columns show the effect of assuminq 
that the low-pressure spool losses occur in (1) only the fan (2 T i 

turh nT Pr fw SUre turbine ‘ and (3) in both the fan id the lo^rLsTre 
turbine with an approximately 50/50 split. Although these assumptions 




mmm 


the and "•easured 

-. -, 9 e data, the predicted module performance deteri oration 

levels are not reasonable. They predict no loss in The Iw-oZlsurl 
compressor, and, when all losses are assigned to the low-pressure 
ur me, result in an unreasonably high low-pressure turbine loss level. 


.■''own rnii airline h poitrepair :, fmfor^wnce data 

A r -\m rv:LE« SHOWING t HF EFFECTS OF 
rti-P'lr. S^'JKF H0"0R 1. OSS-^PtlT A$SJMP T I0N ON PREDICTED MODULE 'OSS'S 


'vetal:. engine pert or man of 


Lo w-Press ure Spool Ef t i c i ency Loss 

Low-' 0 res - '. 507M> 

"nl y Tu r bin e On! , Split 


Soth Fan and Low- 
Coupled Fan Pressure Compressor 
Efficiency Loss Efficiencies and 
and c low F 1 ow C apac i t y 

Capac ity L o ss Coupled 


Fuel Flow 

T or-j=;t Fuel Consumption 

Low-Pressure Rot or Speed \%) 
u mh- Dress -jre Rotor Speed [%) 

\ impress or Exit Total Tempera! ure 
ExHa-iSt Gas T er?peraf ure (°F) 
Far/Low-Pressure "impress or Pressure « '! 
’ ur L i r>p £ mans r on R at. i o ; %) 


Efficiency i i’ivnt s ! 
FI ow " apac ; t y j " 1 
L OW- P ress jt* e mnuress n 

Flow Capacity ■; ») 

u ’ nh- P res s ir p f f )ri or e s s 




Sn tte % f xt Ci Sl«i? SS tto ? ) “ pl , ed . - t0 fan flow «P«ity loss (as shown 

iuhToTsVr ho e T Cie " Cy l0SS t0 the ’Pw-pres^one turbine, agat 
warn no loss in the low-pressure compressor. The last column presents 

is coJpl U ed°to°i-ts d1 ^n fl 16 " the 1 .°. w - p 1 ressure compressor efficiency loss 
L I c , its own flew capacity loss in addition to the coupling of 

tte one used S t CU a S ! d- Th1 , s I s the " lost 11kel T scenario and 

I"® ,°" e fftt for ll f f,nal d ata analysis. The resulting low-pressure 

l«-i?1ssure tulihL °a S . S 1S v fV?" and is consistent with Observed 

raodufe fnsolct^s Tn d ?dX lI h,C iJl a t ! ? nera,1y been n,1nin ' al based »" 

Mqh1re n s e s 9,l9, 't'i WMCh 1s n »ns1st»t'^m^ e he l0 »"d1««^ 1C ^ 

usually' ^rewfred Ur fre n q1ent n iy P0StrePair e " 9lneS ’ SlnCe this « dd,a 
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tL'mJ« P ° r V nt t0 not , e that the simulation provides good matchlnq with 

f£i£ a ~ red en ?’ n ! data - in ever )' case - The distribution of losses 

therefore, cannot be obtained on the basis of the simulation and t-ho 
engme data alone, but must depend on hardware conditions, experience 

b n „ t Pn ?,r er ', n9 - jud r e " t - Th,s ,atter assessment is made using the 
bottom up analysis and is discussed in the next section. 9 

Hi ght^c vcTes Tt^tak* off A1r l ine A ' s avera 9 e prerepair engine at 3500 
hLo f CyC 6 - S at take-off engine pressure ratio is shown in Table XX 
Here, two simulation columns are shown to the right of the test cpii 

reTunfwithTo'^ 001 ^; Th V irst colun " Presents the simulatioi 
th n ° ad J us ^ ments made to the test cell data. This column 
.. com P onen ^ shifts that appear reasonable except for the fan 

which has a very low loss level. The average fan blades f«? thU 
operator were known to have a high cycle time since last reoair whfrh 
is inconsistent with the negligible loss level Vl iu„ P h ! 

b > deteriorated engin’e Jhirtls 

inconsistent with all other operator experience in general. 

rpJn^hi^ SUne ^’ theref . ore * t . hat a 1 Percent thrust loss would be more 
r ^°?u^ e and consistent with the experience of the other airlinec 
with the apparent increase being the result of an error in the thrust 
the HnU correct i on . The results of this assumption ie presented fn 
the right hand colunn. As shown, the assumed 1 percent thrust 
results in a more reasonable estimate of fan loss. P * 1 


4.5.2 "Bottom U| 


Procedure 


Term Deteriorati on 


f?rst\h?t a m n nH,ri S j S or modeling of performance deterioration requires 
first that module age (in flight cycles) versus engine cyclic aae be 
determined. These trends have been developed through Analysis of 

shows "a t^ical^ ' shop records on part replacement and repair. Figure 95 

curve is Tvdi' calkin for av ^ a 9 e P art ?9e versus engine cyclic age. The 
SirvLJc c; y 5- 2 1 th at /it shows significant differences among the 
nes studied as a results of differences in maintenance practices. 



TABLE XX 





TOP DOWN ANALYSIS RESULTS FOR AIRLINE A PREREPAIR 
PERFORMANCE DATA AT 3500 CYCLES SHOWING EFFECTS 
OF TEST STAND DATA ADJUSTMENTS 


Measured 

Values 


OVERALL ENGINE PERFORMANCE 

Change in: 

Net Thrust (%) 

Fuel Flow (at) 

Thrust Specific Fuel Consumption {%) 
Low-Pressure Rotor Speed (%) 

High-Pressure Rotor Speed (%) 

Compressor Exit Total Temperature (°F) 

Exhaust Gas Temperature (°F) 

Fan/Low-Pressure Compressor Pressure Ratio (%) 
Turbine Expansion Ratio {%) 


Simulation Pre d iction 
Based on Based on 


Measured 

Values 


Adjusted 

Values 


+0.35 

+0.5 

-1.0 

+3.7 

+3.8 

+3.7 

+3.4 

+3.2 

+4.8 

+0.5 

+0.5 

+0.5 

+0.75 

+0.75 

+0.75 

+7. 

+7. 

+6. 

+70 

+70 

+75 

+1.2 

+1.3 

+1.2 

-1.6 

-2.0 

-2.6 


MODULE PERFORMANCE 


Change in: 

Fan 

Efficiency (Points) 
Flow Capacity {%) 
Low-Pressure Compressor 
Efficiency (Points) 
Flow Capacity (%) 
High-Pressure Compressor 
Efficiency (Points) 
High-Pressure Turbine 
Efficiency (Points) 
Inlet Area {%) 
Low-Pressure Turbine 
Efficiency (Points) 
Inlet Area (%) 


-0.1 

-0.8 

-0.2 

-1.2 

-0.4 

-1.2 

-0.7 

-2.0 

-2.6 

-2.5 

-0.6 

-1.2 

+1.7 

+1.7 

-0.9 

-1.4 

- 

+0.8 
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Average engine age ~ 1000 cycits 


Figure 95 JT9D Fan Module Part 


Airiino n ” ^°r the fan, averaqe Dart 

J r ♦ a S J 9n,f,cant ' J ' higher than 

airlines studied. 


that for 


age for 
t he ot her 


for each operator, at 3500 engine Hioht r d6 1 termi ned for each module, 
shown in Table XXI. For the fan thP 9 mnH. C i yCleS ’ and the results are 
average of blade and rub strip aqe^ For^thP ? 9e W3S C0,nputed as the 
only rub strip age was used si nrp 9 incmw - the Jo**- Pressure compressor, 
revealed that the rub strips « ^T/if !ta ; i " ated parts ha * 
deterioration. For the hinh are ^ ar the dominant area of 
stator vaneVaJooter f n d^w e a ^fT’ a " a '' era9e of ■"«*. 
turbines, vane age was used to nrpdirt 3 k^ 6 WaS used - For both 

outer air-sea, age for losses dama9e ’ a " d 

E perforaanc^loss ‘^“modul es^ "at a ^ prda 5['.J'. e<,lJ1 * res *f,n„ion of 
were developed from the analysis of JL n s f ec \V c a 9 e - These trends 
typical plot is shown in Figure 96. d P tS dlscussed Previously. A 


Using the module ages listed in Table XXT 
read from the appropriate curves and used in 
obtain predicted performance parameter shifts" 


the 

the 


performance loss was 
engine simulation to 






TABLE XXI 

MODULE AVERAGE CYCLIC AGE 
AT 3500 ENGINE FLIGHT CYCLES 


Module Age (cycles) for 

Airline 

__A B C 


Fan 

2030 

890 

1095 

Low-Pressure Compressor 

1850 

400 

1800 

High-Pressure Compressor 

2610 

1825 

2575 

High-Pressure Turbine: 

Outer Air Seals 

725 

250 

375 

Blades 

725 

150 

325 

Vanes 

700 

100 

600 

Low-Pressure Turbine: 

Outer Air Seals 

2750 

400 

1650 

Vanes 

2300 

1200 

2350 



Figure 96 


Fan Module Performance Vs. Module Age - Plots such as 
these were used to establish the relationship between 
module age and performance deter i orati on. 
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The results of the bottom up analysis for Airline A are shown in Table 
XXII. The column to the right of the observed parameter shift? shows the 
simulation results achieved when the engine simulator is run with 
component decrements obtained directly from the plots of module 
performance versus age, using the module ages shown in Table XXI. The 
simulation iteration resulted in good matching with the test data except 
for low-pressure rotor speed, low-pressure compressor pressure ratio, 
and high-pressure rotor speed. The latter difference is relatively large 
(-0* 1 versus 0.75 percent) but is not considered to be significant for 
two reasons: (1) variable vane field trim alters flow capacity and 

high-pressure rotor speed independent of deteriorati on, and (2) a change 
in high-pressure compressor flow capacity does not significantly affect 
any gas generator parameter other than the high-pressure rotor speed. 

TABLE XXII 


BOTTOM UP ANALYSIS RESULTS FOR AIRLINE A PREREPAIR 
PERFORMANCE DATA AT 3500 CYCLES 


OVERALL ENGINE PERFORMANCE 


Measured 

Values 


Simulation Prediction 
With Build 
Initial Standard 
Prediction Adjustments 


Change in: 


Net Thrust {%) 

+0.35 

+0.2 

-1.0 

Fuel Flow [%) 

+3.7 

+3.8 

+3.5 

Thrust Specific Fuel Consumption {%) 

+3.4 

+3.6 

+4.6 

Low-Pressure Rotor Speed (X) 

+0.5 

+1.5 

+0.7 

High-Pressure Rotor Speed [%) 

+0.75 

-0.1 

+0.04 

Compressor Exit Total Temperature (°F) 

+7 

+9 

+11 

Exhaust Gas Temperature (°F) 

+70 

+72 

+69 

Fan/Low-Pressure Compressor Pressure Ratio 

(%) +1.2 

+3.5 

+1.6 

Turbine Expansion Ratio {%) 

-1.6 

-1.1 

-1.4 


MODULE PERFORMANCE 


Change in: 

Fan 

Efficiency (Points) 
Flow Capacity (%) 
Low-Pressure Compressor 
Efficiency (Points) 
Flow Capacity [%) 
High-Pressure Compressor 
Efficiency (Points) 
High-Pressure Turbine 
Efficiency (Points) 
Inlet Area (%) 
Low-Pressure Turbine 
Efficiency (Points) 
Effect of 0.02 Inch 
Inlet Area (%) 
Clearance Increase 


-i.i 

-1.4 

1 1 
h-* »— » 

4 * 

-0.9 

-1.9 

-0.9 

-1.9 

-2.6 

-2.6 

-1.3 

+0.6 

-1.3 

+0.6 

-0.2 

-0.7 

+0.02 

+0.3+ 


♦Includes 0.5 percent low-pressure turbine leakage 
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Although relatively good matching was obtained, a further modification 
was made to the simulation input because the documented rebuild 
standards discussed previously show that Airline A builds the 
low-pressure turbine 0.020 inch open in tip clearance relative to the 
nominal clearance. Also, the comparable top down analysis for this 
airline operator showed an effective low-pressure turbine inlet area 
increase relative to production due either to vane bow or leakage. Since 
the used part analysis did not show significant vane bow, a low-pressure 
turbine leak was assumed. The final simulation, which includes both 
these changes, is shown in the last column of Table XXII. 

4.5.3 Comparison of Top Down and Bottom Up Analysis Results 

The final step in the verification and data enchancement portion of the 
analysis was comparison of the top down and bottom up analysis results 
and adjustment of the data where indicated. Tables XXIII, XXIV, and XXV 
show final side-by-side results of the top down and bottom up models for 
each of the airlines investigated. In general, it will be noted that 
good agreement is obtained between the results of the two analyses with 
the exception of the high-pressure rotor speed and the turbine flow 
areas, and these differences are not of great concern since they 
typically are related to field trim adjustments rather than 
deterioration. 


TABLE XX 111 

RESULTS OF TOP DOWN AND BOTTOM UP ANALYSIS RESULTS FOR AIRLINE A 
PREREPAIR PERFORMANCE DATA AT 3500 CYCLES 
AF T EP. AP r AOPRIATE DATA ADJUSTMENTS 


OVERALL ENGINE PERFORMANCE 

Change in: 

Net Thrust (X) 

Fuel FI ow (X) 

Thrust Specific Fuel Consumption (T) 
Low-Pressure Rotor Speed (X) 
High-Pressure Rotor Speed (%) 

Compressor Exit Total Temperature (°F) 
Exhaust Gas T emperature (°F) 
Fan/Low-Pressure Compressor Pressure R< 
Turbine Expansion Ratio {%) 

MODULE PERFORMANCE 


Measured 

Values 

Simul at ion 

Predict i on 

Top Down 
Prediction 

Bottom Up 
Prediction 

+0.35 

-1.0 

-1.0 

+3.7 

+3.7 

+3.5 

-3.4 

-4.8 

-4.6 

+0.5 

+0.48 

+0.7 

+0.75 

+0.75 

+0.04 

+7 

+6 

+11 

+70 

+75 

+69 

+1.2 

+1.2 

+1.6 

-1.6 

-2.6 

-1.4 


Change in: 
Fan 


Efficiency (Points) 

-0.8 

-1.1 

Flow Capacity (X) 

-1.2 

-1.4 

Low-Pressure Compressor 

Efficiency (Points) 

-1.2 

-0.9 

Flow Capacity (X) 

-2. 

-1.9 

H>gh-Pressure Compressor 


Efficiency (Points) 

-2.5 

-2.6 

High-Pressure Turbine 


Efficiency (Points) 

-1.2 

-1.3 

+0.6 

Inlet Area (X) 
Lew-Pressure Turbine 

+ 1.7 

Efficiency (Points) 

-1.4 

-0. 7 

Inlet Area (X) 

+0.8 

♦0.3 (+ Leakage 
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differences in rae a SU red 

was close to the measured value), in addition* ^ ecif 1 ^. fue ' 1 consumption 
temperature was hioher th^n the predicted exhaust nac 

predicted by the' analyses" "R,"*"' 

exception of the turbine area^- Thic • i S - air ine are similar with the 

with turbine vane distress and it line has had significant Droblems 
vane area change with usage from parr^nsnirt^ 3 * } he avera 9 e trend of 
problem with respect to this airline or thatch* 1 ? 11 - data understa tes the 
and area classing problems existed. historical vane area rework 


table xxrv 

RESULTS OF TOP DOWN AND BOTTOM UP ANALYSTS rpcintc mn 

PREREPAIR PERFORMANCE DATA AT 35CW CYn FS AIRUNE 8 
ffTEK APPROPRIATE OAU »JUsMs 


OVERALL ENGINE PERFORMANCE 


Measured 

Values 


Change in: 

Net Thrust (%) 

Fuel Flow (%) 

ThrusL Specific ?uel Consumption (%) 
Low-Pressure Rotor Speed (%) 

High-Pressure Rotor Speed (%) 

Exnaust S rL E T n T ° tal Tem P era ture (Op\ 
txnaust Gas Temperature (°F) 

Fan/Low-Pressure Compressor Pressure o. + in 
Turbine Expansion Ratio (%) e Ratl ° 

MODULE PERFORMANCE 


-1.7 

+ 1.0 

+ 2.8 

+ 1.1 

+ 1.1 

+7 

+18 

+1.4 

- 2.0 


Simulation Prediction 
t°P D°wn Bottom Up - 
Prediction Prediction 


-1.5 

+0.95 

+2.5 

+ 1.1 

+ 1.2 

+9 

+20 

+1.4 

- 1.8 


-0.7 

+ 2.1 

+2.9 

+0.9 

+ 0.1 

+11 

+43 

+1.7 

- 0.6 


Cnange in: 

Fan 

Efficiency (Points) 
Plow Capacity (%) 
Low-Pressure Compressor 
Efficiency (Points) 
Flow Capacity (%) 
High-Pressure Compressor 
Efficiency (Points) 
High-Pressure Turbin- 
Efficiency (Points) 
Inlet Area (%) 
Low-Pressure Turbine 
Efficiency (Points) 
Inlet Area (%) 


- 0.6 - o .8 

-1.0 .1.4 

- 2.0 - 2.1 

- - 0.6 

+ 2.8 + 0.3 

*0-1 -0.3 

+1.7 + 0.1 (+ Leakage) 


1 

1 

i 
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Results for Airline C are 
between the top down and 
and overall agreement of 
changes with the measured 
the module are credible. 


shown in Table XXV. The excellent agreement 
b °£ tom u , p . Predictions of module performance 
the predicted engine performance parameter 
values indicate that the losses assessed for 


TABLE XXV 


RESULTS OF 


T 5 n D P 0WN AND BOTTOM UP ANALYSIS RESULTS FOR AIRLINE C 
PREREPAIR PERFORMANCE DATA AT 3500 CYCLES 
AFTER APPROPRIATE DATA ADJUSTMENTS 


Simulation Predic tion 
Measured Top Down BotFom Up - 

_ V_a1ues Prediction Prediction 

OVERALL ENGINE PERFORMANCE 


Change in: 

Net Thrust (%) 

Euel Flow (%) 

Thrust Specific Fuel Consumption [%) 
Low-Pressure Rotor Speed {%) 
High-Pressure Rotor Speed (%) 

Compressor Exit Total Temperature (°F) 
Exhaust Gas Temperature (°F) 
Fan/Low-Pressure Compressor Pressure Rat 
Turbine Expansion Ratio {%) 


- 0.6 

+ 4.4 

+4.9 

+0.9 

+ 1.2 

+79 

io {%) +2.7 
-0.9 


MODULE PERFORMANCE 


-0.5 

+4.1 

+4.7 

+ 0.8 

+ 1.1 

+11 

+83 

+ 2.6 

- 1.2 


Change in: 

Fan 

Efficiency (Points) 

Flow Capacity (%) 

Low-Pressure Compressor 
Efficiency (Points) 

Flow Capacity (%) 

High-Pressure Compressor 
Efficiency (Points) 

High-Pressure Turbine 
Efficiency (Points) 

Inlet Area (%) 

Low-Pressure Turbine 
Efficiency (Points) 

Inlet Area (%) 

*With baseline adjustments and additional test cell 


- 0.8 

- 1.2 

- 1.1 

- 1.8 

- 2.6 

-2.5 

+0.9 

- 0.1 

+1.7 

corrections . 


- 0.6 

+4.5 

+5.2 

+0.4 

+6 

+89 

+1.7 

- 2.1 


- 0.6 

- 0.8 

- 1.2 

- 1.8 


-2.4 

- 2.2 

+ 1.0 

-0.7 

+0,3 (+ Leakage) 


I 

p 

l 


t J e 4 . tw0 j* pproaclie s provide credible agreement with the airlinp 



4 

? 

1 

i 


j 

1 
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SECTION 5.0 


PRELIMINARY MODELS OF 
JT9D ENGINE PERFORMANCE DETERIORATION 


This section presents the preliminary models of JT9D module and engine 
deterioration. It should be noted that these models are preliminary, 
being based on the data analyzed to date, and that they will be refined 
during the course of the program. 

5.1 MODULE DETERIORATION MODELS 

The preliminary performance deterioration models for the JT9D engine 
modules are presented in Figures 97 through 101. Shown are the 
estimated overall losses in efficiency and flow capacity as a function 
of module part age in flight cycles for each module. These curves are 
based on the data presented in Section 4.0. 




Figure 97 



Preliminary Model of JT9D Fan Performance Deterioration - 
The model was developed from part inspection results with 
the deterioration level corroborated by back-to-back test 
data and analysis of prerepair test data. 


preceding pagf 


blank not filmed 
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Figure 98 


Preliminary Model of JT9D Low-Pressure Compressor 
Performance Deterioration - The model was developed from 
part inspection results with the deterioration level 
corroborated by back-to-back test data 
prerepair test data. 


and analysis of 


Figure 99 
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Preliminary Model of JT9D High-Pressure Compressor 

erformance Deterioration - The model was developed from 

part inspectKin results with the deterioration level 

corroborated by back-to-back test data and analysis of 
prerepair test data. analysis or 
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Ffsure 100 Preliminary Model of JT9D High-Pressure Turbine Performance 
deterioration - The model was developed from part 
inspection results with the deterioration level 
corroborated by back-to-back test data and analysis of 
prerepair test data. y 

r^rih 1 ? 2 Sh °* S th ! distribut1on . ^ module, of TSFC loss and relative 
contribution ot each damage mechanism as synthesized from the module 
deterioration models. The time frames covered are the 1st snnJh 
i 000th, 2000th, and 3000th flights since the average engine ^as new! 

time frames are estimates of prerepair performance levels In 
synthesizing the 2000th and 3000th-f light engine performance loss 

ever!’ lOOO^f I faht^r rV^ the r hig k h pressure turbine had been repaired 
fH hf- i t^Obt cycles, and the low pressure turbine every 2000 

hearty evident. H °“ eVer ’ ^ e " eCt ° f cycles ™ 


5.2 ENGINE DETERIORATION MODEL 

d]?ew?™ a tio- - S o h “ S -< prelim ' n * r y estimated prerepair engine 
-^e, iu. atioi. "lOuc. ui ioru versus engine flight cycles synthesized to 
show the portion of deterioration related to each major cause 
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Figure 101 Preliminary Model of JT9D Low-Pressure Turbine Performance 

Deterioration - The model was developed from part 

inspection results with the deterioration level 

corroborated by back-to-back test data and analysis of 

prerepair test data. 

These causes are divided into three categories: (1) clearance changes 
which appear to be caused by flight loads and engine in-flight 

transients; (2) erosion damage to airfoils and seals; and (3) thermal 
distortion. Individual operator experience will be above or below this 
line as a result of such factors as maintenance practices. The 
anticipated range of this variation is shown as a band on Figure 103. 

Figure 104 shows a comparison of the preliminary model of prerepair 
performance deterioration versus the average level determined from the 
analysis of historical data and indicates reasonable agreement as to 
the overall level of deterioration for both short- and long-term 
deterioration. The ‘ divergence occurring above 3000 cycles reflects 
refurbishment of the cold section of the engine by the airlines which 
results in a lower level of erosion losses than are included in the 
average engine model. 

As noted earlier, these preliminary models of module and engine 
performance deterioration will be refined during the course of the 
program. 



□ A CLEARANCE DUE TO FLIGHT LOADS 

E3 AIRFOIL AND SEAL EROSION 
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Figure 103 Preliminary Model of JT9D Prerepair Average Engine 
Performance Deterioration - The contributions of each major 
cause of deterioration are compared at sea level static 
take-off conditions. 


LPT 



Flight cycles (1000) 


Figure 104 


Comparison of Preliminary Model of JT9D Prerepair Averaae 
Engine Performance Deterioration and Observed Deterioration 
e comparison shows reasonable agreement in overall 

performance deterioration level y in overall 



SECTION 6.0 

PRELIMINARY RECOMMENDATIONS 


historical ?S«iT coHectlS' ^ 

to^educe^erfoSce ^eteriorVtion^rth 15 - prel im j nar y recommendatfons 
recovery in tte stop? T I^ ^^ 1 " 9 a " d impr ° Ve perfo ™ a " c * 

performance monitoring P , maintenance practfces^nrf 0 ^^ 1 " 9 pr . ocedures » 
addressed. In addition examnlpc p actl p es and design criteria are 

=« - a.wra’SfcraH: 23= - 


6.1 ENGINE OPERATING PROCEDURES 


Aircraft° n ha$ CC shown Ce very St i?ttle f £1 ,* & Whitney 

maximum) from the initial data^Lint^ 10 ^ 1 ? 1 - I 0,2 P erce . nt TSFC 
running includes all of the varinuc t n ° ^mal calibration. This 

during tSl.'SjS’i^u.SSJ JSrt„ tst-ToducMon”' ne oSSiE*"" 


1. 


2^%^i!?.ti!irSo^fl e " 1n1 “ of 5 m,nutes after start 


^i^r en9ine shou,d 


3. 


av^ded- 3 ^ h0t ’ faSt acce,erat(0 " s or decelerations should be 


be sl« that is at f 5 ° r declerations should 

seconds ’for 3 a full JL V® < ® qu ' valent to « minimum of 60 
ta e?off p«£ P0 “ er - ,e '' er excursion between idle and 


Following more than one minute of operation at nr ahn„» 

?J?e d for:'° Sed PO,er - ““ 


(1) 7 minutes prior to a slow acceleration 

seconds minimum, idle to take-off); 


(that is, 60 



U) definlT?. Pri0r t0 a sna P acceleration, which is 

llH for a fun*' 6 '' 6 “ er " ,ovc " ,e " t «f one second or 
less tor a full excursion. 

When snap decelerations are reouirpri -ij > 

(Slo r ?O d ser S T" a | P0SS ' ble after Caching h,* ' ^ 
(0 to 10 seconds preferred, 30 seconds maximum). 9 P 

P^dfre'cUof s°o nS th S ,Tth d 56 perf °™ ed 1n a ^creasing 
uirecnon so that the engine will be Vnnl" 

operation .* He Ca,ibrat, °" to thut^'or 


down. 


at idle for 


a minimum of 5 minutes before shuttii 


b dhe prod C u e c,^ a^reTal^r cort L™ " an 2 % b ’ ade t0 rub - str1 P contact 
turbine stages can cause localized c P ntact ln hi gh- pressure 

rub Strip „h 9 ,ch woul^reLn^h exces^ve’ Wa^tfp St*"* “ P d " the 

* t r h /i ' d ' e af ‘ er ^"9 at high iMwer and prior 
required to prevent excess ivp^hiario 6 * aS k P rescri * 3ecl 1n 3.b above) is 
a hot rotor accelerat^f in a r Jt- t °i rub - s f ri *> co "tact resulting from 
dece 1 er at i ons ^ar e to^ °be 1 made^ the y 6 should £f e * f Similar1 *’ * snap 
possible after reaching hi gh p’ower ( 3 c .P erform ^ d as s °on as 

of thermal growth of the rnfnr Hill/ k^°u V 6 minimize the amount 

"cool” case Vter the deceleration u W m h, f h Ca " P ot o"tially rub the 
presents the interaction of a tvpical hotpot F ’ 9U 7 195 graphically 
tip clearance) during an •c'UrX/teMS S ‘ HP 

complete a particuTar^est 65 however SUlt ' n , a slightly longer time to 
deter i orati on win result?^ h0W6Ver ’ P r eventi on of unnecessary engine 

6.2 PERFORMANCE MONITORING 

6 * 2 * 1 Performanc e Trending and Management 

Irtghl ightecT'the a need i Vo r dU improve t d he mana St ° ri f 31 • * f >U collection has 
engine and fleet deterioration it hac 39 ^ 60 * . inforniation concerning 
large variations ex” st ZtleZ o JLi „ een * • Clearly identif1ed that 

on deterioration. An airline operator' s P f lei f C f S l hat have ? n inipact 
is dependent on two fartnrc fleet-fuel consumption level 

and performance Jecovery7h’ile P " n wt,ne °"-the-wi n g 

these factors, compUU records of in5? P; H 1° eff .cctively manage 
histories and repairs are required ’hdrv.dual engine (erformance 
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n 2 speed 



0Q RUBSTR IP EXPANDS ( 
1 FIRST , 

GAP I \ ROTOR DISK ' 

I V GROWS 


RUBSTRIP COOLS 
DOWN FASTER 
THAN DISK n 


DISK COOLS 


DISK STILL 
HOT 


^ 15 MINUTES 
OK FOR 
SNAP ACCEL 


RE ACCEL 




©o 


HOT ACCEL RUB 


©-Ml) SNAP ACCEL - INITIAL CLEARANCE DECREASE DUE TO CENTRIFUGAL GROWTH 
AND BLADE THERMALS 

® -♦© HOT SNAP DECEL - INITIAL CLEARANCE INCREASE DUE TO CENTRIFUGAL RELAXATION 

AND REDUCED BLADE TEMPERATURE 

© -*~d) IF SNAP ACCEL PERFORMED BEFORE DISK COOLS. CENTRIFUGAL GROWTH AND BLADE 
THERMALS ON HOT ROTOR WILL CAUSE ABRUPT BLADE/RUBSTRIP CONTACT 


Figure 105 Hot Rotor/Rub Strip Interaction • 
expansion and contraction rate of 
strip) is faster than that of the 
blade/rub strip contact wilt occur 
is performed before the disk cools. 


■ Because the thermal 
the case (and the rub 
rotor disk, an abrupt 
if a snap acceleration 


It is customary to discard definitions of operating procedures when 
they are superseded. For purposes of safety and uniformity, this is a 
reasonable approach; however, this information is essential in the 
documentation of engine trends. (It was fortunate for this study that 
each of the three airlines, in their own way, retained information 
permitting historical documentation of performance deterioration 
trends.) 


Since each airline operator differs in maintenance practices and engine 
deterioration experience, it is necessary to establish a means to 
identify each airlines' fleet deterioration characteristics and to 
correlate shop practices with performance recovery. To accomplish 
this, an integration of existing information is necessary. 
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This basic information exists in various forms at all airline 
operators. It would be desirable to develop a uniform program with the 
capability of comparison of operator characteristics. Such a coranon 
program would permit identification of relative deterioration rates for 
operators in adverse operating environments such as mid-East deserts 
with operators in cold clean climates. A program of this nature 

provides the tool each operator needs to assess their own performance 
retention and restoration. 

Figure 106 illustrates the type of information that could be available 
from an individual engine history. Comparisons could be made of 
deterioration rates on-the-wing for the initial installation (run) and 
for subsequent installations after repair or maintenance relative to 
the shop activities performed. Graphic display records of this type 
could identify the nature of an airline operator's problem. The 
effectiveness of refurbishment and new performance-improvement hardware 
can be evaluated. Deterioration rates can be monitored to determine 
how they respond to operational practices such as reduction of water 
usage, modifications in derated operation, or variations in route 
structure. 



Hrs/cycles 


Shop activity 1st run - hrs/cycles, date, removal cause, shop action, 
information perf. recovery 

2nd run " 

3rd run ” 

4th run etc. 

Management Shop visit rate, deterioration rate, maintenance 
analysis cost, shop effectiveness, performance margin, 

projected removal date, etc. 

Figure 106 Management Tool Required - A computerized management tool 
is required which "integrates" existing information and 
correlates actual individual engine histories with shop 
activity. 
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informatfon^and Correlate actual re , quire . d “> integrate existing 

activity. This could ?"9'" e histor(es with sho? 

effectiveness of shoo visfts InH ^ c ana f ment a ">eans to evaluate 
that increase fuel consumed. SS1St 10 controlhn 9 th ose factors 

To achieve such a management tool several steps are necessary. 

1} re2ritten C °^i ti0n m ™ itoring Programs must be completely 
and computer graphs dlsp’ lay s C .° Pe *° Pr ° ,ide h1story retenti0 " 

2) Shop activity must be recorded in computer format for storage. 

3) retained'for th^ MfiT^eSginf ^ reCOrds > ™ st 
^•2«2 Test Stand Instrumentation 

Based on the observations of the airlines' tests farim-ipc e„ . 

SfiSMr Srssuss. 8rt &SS53 

0 Data retention 
o Calibration standards 
o Written calibration procedures 
o Calibration techniques 

o Calibration analysis 

Data Retention 

ofcah' 

instruments 1 be c ?br« •£ Mi 

do not provide a data retn^on*^ 

f B orms eV wi°t P hin S tJel^^ectiTe 5 and retaining the 

concerning the validity of Derformanrp r< H S t depar tnjents, any questions 
the calibration results It ^ wLl2 Tun' -J Uld be checked gainst 

instruments which exhibit con^il J 0Vlde 3 method to identify 
The information on the calibration forms^sho'Td 1nclude ; U ' d ^ repUced - 


Working instrument identification (serial number 
engine parameter); v ai numDer ’ 

Calibration instrument identif ication- 


range. 


137 


0 


Calibration date; 


i . 3 

• o Calibration set points, working instrument outputs, deviations i 

from calibration instrument; 

o Whether the working instrument was within tolerance or not, 
and if not, what action was taken. 

This would mean additional bookkeeping work, but would yield better 
information concerning the accuracy of the test stand instrumentation 
and its effect on engine performance measurements. 

Calibration Standards 

The majority of the instrument calibrations are conducted by personnel 
within each airline utilizing equipment maintained in-house. A few 
instruments are transferred to the vendors or to an outside firm for 
calibration. 

For those instruments calibrated by the airlines, the general rule is 
to use instruments of similar types but retained as standards in their 
calibration laboratory. In this case, the errors associated with the 
standard are equal to that of the working instrument. When the 
accuracy of the working instrument is near the tolerance specified by 
the Pratt & Whitney Aircraft Test Instruction Sheet (T.I.S.), the 
actual error contributed by the calibration process can exceed the 
limits since the error of the standard can enter in as a bias term. To 
avoid this bias, the error attributed to the primary standard should be 
much less than that of the working instrument. This is a function of 
the T.l.S. limits involved and the error of the working instrument and 
will thus vary from facility to facility. 

Some airlines may also employ transfer standards, that is, calibration 
instruments located on the test stand and periodically calibrated 
against primary standards in a separate laboratory. The resultant 
error contributed to the working instrument is then a function of both 
calibration instrument errors which enter in as bias terms. 

Working instruments calibrated by vendors or other outside firms have a 
similar calibrtion hierarchy, but the error contributions may not be 
available. This may apply to calibration instruments as well. 

Therefore, the individual airlines should re-examine their calibration 
processes to minimize the error contributions to the final measurement 
error. This may require the replacement of calibration instruments 
with those more suited to the particular working instruments. 



Written Calibration Procedures 

Calibration procedures, for two of the three airlines studied were 
primarily from manufacturer-supplied manuals. A more des’irable 
approach, practiced by the third airline studied, is to develop a 
ca bration procedure for all test stand instrumentation that includes 
ca hbrati on- instrument calibration data sheets tolerance rherk nut 
procedures and disposition of out-of-tolerance instruments ihis 

thr°aiHines en test MnU n CtUr r S ' ,nfon,,at ' 0 " lr,t » a for* applicable to 
the airlines test cell and provides a step-by-steD Drocess for 

checking, calibrating, and recording instrument data. A procedure of 

this nature would be of benefit to all airlines since it woE Id put into 

ca libration^rocedures. inf0 ™ ati( >" for the instrument 

Calibration Techniques 

An additional step in the calibration process concerns the acquisition 
of preadjustment instrument calibrations. This is the calibration of 
any instrument before adjustment to zero, span etc Since tSl 
calibration intervals for certain instruments can re’ach six months to a 
year, the instrument will drift to some degree within that interval 
n9 H an P re . ad j usted calibration, the amount of the drift can 

Afte? U thiT e s d teD nd J tS - a r eC H- °? performance measurements analyzed. 
Hh P* required adjustments should be performed and the 

records ! ^ oreadjusted and ad J uat ^ calibration 

Calibration Analysis 

By developing a proves s for calibrating the test stand instrumentation 
and retention of the resultant data on a long-term basis, an analysis 
program can be initiated to evaluate the individual instruments. This 

consistently 6 Mah 1d ® ntif ication °. f . problem instruments which 'exhibit 
ty bigh errors, as we 1 1 as verifyino the accurarip<i nf 

calibration Irtr are functi ? llin 9 properly. Also, by examination of the 
certain 1 lstnmnV erSUS • time ’ , U wouid be Possible to determine if 
frequent bEsls require cahbration and adjustment on a more 

6.2.3 Test Stand Correlation 

funct1ons ° f Postrepair and postoverhaul testing of 
0T90 engines is to ensure that the engine will meet ail apolicable 

™ Oehne"f ar U nm?u tS ’,r PeCi ^ ly ^ rust a " d exhaust 9 as ‘e^mSre 

guidelines and limits. It is therefore necessary to establish test 

stand performance parameter correction curves to relate parameters 

are S ^s e ed. 1n “ airline ' S t6$t Stand t0 those ,evels upon whfch MmUs 
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Test stand correlation testing generally involves back-to-back testing 
between the Pratt & Whitney Aircraft Middletown test facility and the 
airline's test stand. During testing in the airline's test stand, an 
engine should be run in the exact same nacelle configurtion (that is, 
QtC or bifurcated fan ducts) as the engine which will later use these 
corrections. Corrections generated will be valid only for the 
conf iguration(s) tested during the test stand correlation testing. 

Accurate test stand corrections are extremely important when analyzing 
engine performance changes in an airline’s test stand relative to a 
base line established elsewhere. For example, if one wishes to analyze 
engine test performance levels relative to Pratt & Whitney Aircraft new 
engine performance levels, accurate test stand corrections are required. 

Following the completion of a test stand correlation program, a 
procedure should be established for continuing surveillance of changes 
made to the test stand which might invalidate the test stand correction 
results. Listed below are examples of changes which Pratt & Whitney 
Aircraft feels would require recorrelation of the test stand: 

o Any major changes to test stand inlet and exhaust areas. 

o Change in the location of th exhaust augmenter tube relative 

to engine exhaust. 

o Any change in the test stand which would affect the airflow 
through the stand. 

Similarly, if changes are made in an engine's installed configuration 
(whether bare engine, partial or full QEC) compared to its 
configuration during the test stand correlation, which affects its 
installed performance, the test stand will have to be recorrelated. 
Listed below are examples of engine installation changes which will 
necessitate test stand recorrelation: 

o New or revised airframe supplied production inlet. 

o New or revised airframe supplied exhaust system components 
(including primary nozzle, fan duct (where applicable), thrust 
reversers, etc.) 



d 
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0 off dtiU\es e t e 4. P0 ” er extracti0n * etc -’ •*<«" •* "Ot turned 
6,3 MAINTENANCE PRACTICES 

I^ne Se perf°o"r m P Tn'ce "‘VtaVled"^? recc r e " dations far the ^tention of 

presented*^ for ^each ‘SS,'? ^SeTtioh ft"* and d ?Jr 1 0rat1 ,? n "™ 
summarized in the following discussion. ’’ d th results are 

^L f .° ll0Wing P rehminar y recommendations cover the work that rm.iH h c 
done to recover the Derfnrmanro i n rt ' K inat cou,d be 

these actions should ^ be Staked C ?" esti, " ate of whe " 

based or^new' data KT*!! 

6.3.1 Fan 

Fan performance deterioration is caused by increases in tin 

''T 1 ' "and e Tpea b r' “ *«*■ i I ize T/ter I? 

Sc H i SS ■asr-r *sxr susrz 

icrca.e vmn age resulting in an increasing performance penalty. 

6.3,2 Low-Pressure Compressor 

tip clearance, £ 

roughness increases and then appears to stahili 7 p 9 Tin P i Surface 

XT r aV C °seVirAVrfoTr| aSe d fra "d the effeCtS of erision on the rS 
to be Significant^ th s tlml 09 edge * hape or bluntness is not judged 
to 5000 cycles). h t Up t0 the current level of usage (4000 

















The low-pressure compressor should be chemically cleaned at every 
exposure and the rub strips replaced between 2000 and 3000 cycles when 
the engine is in the shop. The effect of airflow losses particularly 
on EGT, as well as TSFC, suggest more attention be placed on this 
module. The airfoils are beginning to show signs of thinning from the 
samples inspected with 5000 cycles usage. Consideration should be 
given to replacing these airfoils between 5500 and 6500 cycles 
depending on their condition at that time. 

6.3.3 High-Pressure Compressor 

The performance losses in the high-pressure compressor are caused by 
changes in blade tip clearance, airfoil surface roughness, and airfoil 
contour. Tip clearance changes are caused by both erosion of the outer 
air seal material and blade length reduction and these are significant 
through all levels of usage. Roughness appears to increase rapidly 
during the first 1000 cycles and then stabilize. Based on analysis, the 
effects of airfoil contour change become important at usage levels 
beyond 3000 cycles in the blades. 

The fuel consumption and exhaust gas temperature performance losses 
caused by the high-pressure compressor are such that the compressor 
should be completely refurbished between 2500 and 3500 cycles with long 
blades and new/ refurbished rub strips in all stages. The stators 
should also be chemically cleaned at this time. Based on stator 
thinning, the stators, as well as the blades and outer air seals should 
be replaced at the next interval or 5000 to 7000 cycles. 


There is a strong correlation between exhaust gas temperature recovery 
ana compressor blade length. The sensitivity of exhaust gas temperature 
recovery to average blade length suggests that small changes in 
compressor clearance effect the combustor temperature profiles, rather 
than causing a real exhaust gas temperature recovery . This correlation 
further suggests that maintenance of clearance standards are very 
important. 


6.3.4 Combustion System 

While the direct effect of combustor deterioration on performance is 
insignificant, the indirect effects are major. Changes in radial and 
circumferential temperature patterns affect clearances, and a host of 
other mechanical shape changes in the turbine, as well as durability. 



When the burner is repaired, the dimensions, and particularly the cone 
angle, should be restored. The fuel nozzles should also be removed and 
cleaned. The potential for cumulative damage and reduced structural 
stability of the front end suggest that the burner not be used beyond 
the third installaton. Turbine durability and performance losses can 
be traced to variations in combustor repair practices. 






i 

I 

I 
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6-3.5 High-Pressure Turbine 


The performance deterioration of the high-pressure turbine appears to 
be dominated by tip clearance changes and the second-stage vane inner 

chanoes S 9 ®’ U f hdS been im P° ssib *e to correlate tip clearance 
changes with usage from measurement data. However, blade tip wear of 

Ina S h" St |H 9e tur \ blr \ e blades does correlate with initial build clearances 
and build standards with respect to blade length. Analytical studies 

“fected h bv ^Th? 141 ! controiled bui Id clearances, tip clearance is 
l . e ^ ted by flight loads. Based on these factors, control of 

constant^L °i ade • length by hand selection or drum grinding to a 
constant diameter is recommended. The outer air seals should be offset 

ground to the requirement set forth in the Overhaul Manual. The tin 

clearance should be set to 0.073 +0.002 inch. The second-stage blade 

wanf^nw S fn U t d a be Set t0 th u nominal dimension, and the second-stage 
vane inner foot dimensions should be set to the tight side of the 
tolerance band. 3 *’ NB 

6.3.6 Low-Pressure Turbine 

The low-pressure turbine performance deterioration does not appear to 
be significant, and the losses that do occur are caused by blade tiD 

whirh^nrfpn^ 3 ! 0 ! 9 ^- and . vane platform soldiering. Rebuild standards 
which open all tip clearances are, however, causing an increase in 

performance deterioration as a result of the rebuild process. The ring 
seais of the low-pressure turbine are very responsive to temperature 
changes, and hot shutdowns will cause rubbing and performance foss due 
to the rapid contraction of these seals. 

The performance penaUies for increased tip clearance are larger in the 
t flrst , l° w_ P res sure turbine stage) than in the sixth 
?.* . , e . 1 P clearances should be kept to nominal dimensions 

particularly in the third and fourth stages during rebuild, and 
platform soldiering should be eliminated by vane repair when the 
low-pressure turbine is opened for other reasons. 

6.3.7 Surnnary 

The performance restoration achieved as a result of the refurbishments 

^t S6d ls , shown in Table XXV I- The effects on TSFC and 

9 i tem P erat u[e are given for cruise and takeoff conditions, 
respectively since these are the areas of prime concern to airline 

operators. It should be noted that the combined effect of the module 

° n i ov ® r ^ M en 9 ine Performance is not the simple addition 
of the individual module improvements because of engine rematching. The 
proper combined effect is shown at the bottom of the table. Not all of 
the performance recovered will be kept because the short term 
deterioration mechanisms will increase the level of thrust specific 
fuel consumption as with new engines. H 
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table XXVI 

effect of recommended refurbishments 


Module 


Low-Pressure 

Compressor 

High-Pressure 

Compressor 

High-Pressure 

Turbine 

Low-Pressure 

Turbine 


Cycles 

3000 

3000 

3000 

1000 

2000 


rr r ~- — ■ Component Fff> r +<- 

Efficiency TTotT — Te £ ii- 

Change Capacity Terr ru,_ 


*, J * * UW — rn-r x . 

hange Capacity jcrr ru tGT Change 

I Ptnts) Change fx) (%f C Jr^ e ( ° F > at 
ili__a^_Cruise Take-Off 

xl oo _ ~~ ■ — 


+1.22 

+0.78 

-0.7 

+1 

+1.4 

+2.3 

-1.2 

-22 

+2.8 

N/A 

-1.0 

-32 

+1.5 

-1.1 

-0.8 

-29 

+0.4 

Neg 

-0.3 

-4 


Combined Effect on Engine 


6.4 DESIGN CRITERIA 

tS re r S etns 0f „r “* data and, in particular 

information from which recornmend n /t P i eCti0nS, have Provided detailed 

Performance retention overToJh i^ 8 formulat ^ to improve 

reconmendations include a definition and ,ong terms . These 

additional research, specific decinn ° f ^ he . need and objectives for 
improved maintenance practices. d 9n and development actions, and 

joad^on r engi ne $ c^earance^^ros i^on ^tlT 31 * 1 effect of flight 

in rebuild standards. The fo I lowin’ then " al dist <>rtion, and variances 
the related recommendations. 9 para 9 ra P hs discuss each cause and 

6.4.1 Flight Loads 

s t u dy f and ^ u nde/ 'the *s h'or^ter^^e tp 6 ^ exa ? ined both in this historical 

3S.'2.$ SSrfTS 

“ngiit is sss-s 

im inary reconmendaTions^for I i^ght-^ 1 ^ related** design tfer^a/* 3 
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lnt,J°»nH S th" f >crforma " ce < lre caused by the combined effects of flight 

due to thr^ct e " d '? 9 r ,ent ' To reduce the Performance loss 
d “ e b0 thr ust and air loads effects, increases in enqine case 

of f /hp eS a* re Nation of the thrust mounts to the horizontal centerline 
ildurpri inT’ isolation of the engine such that the aerodynamical ly 
induced loads are not carried by the engine, structurally stiffening of 
the engine through use of nacelle structure to carry al^or part of 9 the 
bending loads, or a combination of several of these approaches is 
required. As part of the NASA JT9D Engine Diagnostics Program a test 
program will be conducted to validate the currently estimated impact of 
aerodynamic loads on engine clearances and to provide detailed 

def?ned tl0n fr0m WhlCh the m ° St appropriate corrective action can be 


Reduction of the effects of clearance changes caused by gravitational 

fram^ r °fn C ° P th C ° adS - W1 " T r * quire increasing the number of bearings and 
frames in the engine. The corrective action outlined above would 
require complete redesign and certification of the engine and is not a 

. app ™ a f with respect to the JT9D engine but is being 
considered for future engines. ® 

6.4.2 Erosion 

The documented effects of erosion on compressor airfoils and seals 
support the need to improve the erosion resistance of these parts The 

materi a r Tn a the S ?nn S n S 5 0Uld be . r ® placed with a m ore erosion resistant 
material. In the long term, either airfoil material changes or the 

stat ? P and n ^t°V er0S10 J l r S1Stant coatin 9 s for application to both 
static and rotating airfoils are required. The development of suitable 

erosion resistant coatings is estimated to have the most likelihood of 

“LJ !nn CeS t W \ th g n reasona ble levels of cost. Based on the damaqe 
rates and estimated performance losses, coatings for the hiqh-pressure 

?n m ?hp S f° r ai ^ t ° lls are the most critical need, followed by application 
in the tan and low-pressure compressor. 

nf 6 and screenin 9 of candidate coatings will take some period 

of time, and service evaluation testing is required prior to wide 
spread use of airfoil coatings for performance retention. Active 
programs currently exist in both areas on other Pratt & Whitney 
rcr a ft engines (uT3D and JT8D) and have been initiatied on the JT9D 
lhese coatings will not eliminate the need to periodically refurbish* 
replace, or recoat airfoils and seal materials. Performance life 
improvements between 50 and 100 percent are anticipated from the use of 
these coatings and new seal materials. 

The control of the quantity of erosive material that enters the 
compressor through the use of passage shaping is a possibility for 

e rei b 9 :,k° dama9e C0 " tr0L The size of the particles that cause 
ch!nVn k f e ™^? n dan,a 9 e are estimated to be such that passage 
shaping may have little effect. The use of boundary layer bleeds to 


* 


w 



'1 


wncr e it lenas 


remove the erosive material at positions 
may have a somewhat higher probability of success 
require extensive research and should be investigated. 


f tunccii tr a it? 

These areas wi 1 1 


6*4.3 Thermal Distortion 


tS and°changes 

observations and the mechanical condition of turbine paris ana^zeS 


during the program, compressor and 
cause radial and circumferential 
temperature profiles. These changes 
design levels and result in thermal 
Turbine vane bow results in flow 

twi st i ncrpaLp eS f the compression system. Kiattorm curl , 


combustor deterioration appear to 
changes in the turbine inlet 
e I evate meta I temperatures above 
distortion of the turbine parts, 
area changes which control the 
system. Platform curl and vane 


of Bd tT t c a lus t a°l TaS'Jr ttV° n 1s „ the deve J°e* nt » understanding 
Shifts flnlit ct or ? tha . t P rodu ce combustor temperature profile 

6.4.4 Rebuild Standards 


w Wh , itne i Aircraft JT9D Overhaul and Repair Manuals were 
ftf 9 . ¥ eve loped with the objective of prolonging the useful life 

SSyS arra,, f" rs- i -rS; 

Standards “tS IT ^uirSS anT exS 

mmm 

determine the trade offs hetwppn nS T P V 0n S0 that each airline can 
mai ntenance ^cost ^increases. fue * C ° nSUmptio " increases and 
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6.4.5 Summary 

Future engine design should address the basic causes of performance 
deterioration discussed above. The potential impact of flight loads 

q?iffnpc b «f anal .* zed *° assist in defining bearing configurations, case 
ness requirements, and engine installation structural integration 
Consideration should be given to the effects of erosion in selection of 
airfoil geometric properties, materials, and coatings. The design of 
tpmnlr 6 ? shou ld cons i der closely the potential effects of adverse 

additi^nn^ 6 • ? att6 7 chan 9 es. Maintenance manuals should provide 
additional information as to the effects of increased clearance and 
part repair practices on engine and module performance. 

6.5 PERFORMANCE DETERIORATION CONTROL AND MANAGEMENT 

Fleet average engine performance levels are established by the 
characteristics of the JT9D engine and, through the 
engine repair process, by airline maintenance practices These 

llneliT wMch Jd ^, C i e ? ra h nCe ^ ,eVe,S ’ repair procedure's, a^d scrapSagl 
ru h Ch estabhsh the average performance age of qas-Dath 

: s T 0 h f e Vf ct,0nS « f thi * report hove presented P ?he 

results of studies utilizing historical data in analvzina the 

ttZl ° r ' * IS" proce \ s and the dama 9 e mechanisms that cause performancl 
losses with respect to usage. The variations in prerepair and 

frASM 1r pe rI 0mance ,eve,s » and hence aver age fleet performance are 
traceable in the majority of cases to either average gas-path part aqef 
or airline rebuild standard variations. p 9 

The management of fleet performance levels must ultimately bp 

approached on an individual engine basis during engine repair. However 

process is more readily understandable if presented i^ 

f * P l dge contro1 . and module refurbishment intervals. The 

• P 0 P a 7 a 9 e c ? ntro1 related to the aging process of parts as 

nrp,? P 396 lncr ®f ses * Fl 9 ure 107 shows the estimated average 

repair rates f or P th^Th b ade P ar \. age dete ™ined from part usage and 
repair rates for the three subcontractor airlines in this study A 

eoual tils" ii 1n h . d 7 W , n fr0m i he origin throu 9 h P art and engine' age 
equalities is helpful in understanding the part age trends shown 

Pa y rtt r rL d fJ y t Se 7' ce ;. the W !* very 9 close to 
9 ’ age tends to stabilize at a relatively constant level as 

an^ conversion 0 events. through non " al re P air » scrappage, modifications, 

nt !" K7 e u recon,nendat 1 ons Presented in Section 6.4 are directed 
toward establishing an upper boundary of part age on an individual 

cons?dprPri S1S wh h6re a PP r °P riate P. art repair or replacement should be 
s dered. When parts are repaired or replaced as they reach for 

example, 3000 cycles, the age of parts in a fleet of engines’ wi H 
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3500 


Part age = Engine age 




Figure 107 JT9D High-Pressure Compressor Blade Age (Stages 5 through 
15) - As eng’ ne age increases, part age tends to stabilize? 


an? t^P^nn t diSt !p i . bU i ed betW6en essentiaN * zero and 3000 
cycles, and the long-term fleet average part age will be one-half the 

^ p J' r or 1500 cycles. It is this value of averagl part aae 

that should be considered for management control because it establishes 

f i e,ei of each roduie xs 

the fleet. d eS ’ the avera 9 e engine performance levels exhibited by 


forth iiS* SMtinn^fi l th ?. recommc " d t“ repair/replacement intervals set 
or n in bection 6,3, the associated average part aqe taraets and thp 

a ?? S ° f the three airline subcontractors?^ This taXl 
shows that for these three airlines, the average part ages were alreadv 

need fif* th %. a,era 9« P^rt age targets. These daU Scate tSe 

replacemenfViles 5 C °' d Sect1 °" repa1r fr «l u «" c y and part 


^tAndfnn 6 ! 1 - 4 i* tudie * are needed to evaluate the merits of changing lonq 
»J a ??I"f ' r ' ' T r ance po 1 1 ci es and philosophies. The individual 
. Vf.fi 6 JnLn u . 1 Jg. d . td "■ate these types of stuifu 


i nc I ude all of t he 
However, 


process , 
intervals 
studies 


jfactor s important 
the effect 


in 

, -. t0 show the effect oi 1 selecting different repair 

from those recommended in Section 6.3, cost optimization 
were carried out for the cold section modules. °P t,n " m ’on 


their own dec i si on 


es and to 


making 


The cost benefit study process consists of three steps: 

1 . 


funrH™^* 0 " °/ the P erformance ^at could be recovered as a 
T unction of part agej 
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TABLE XXVII 





JUM M W.iip.Ji 


COMPARISONS OF RECOMMENDED REPAIR/REPLACEMENT 
AND ASSOCIATED AVERAGE PART AGES WITH 
AVERAGE PART AGES FOR AIRLINES 


INTERVALS 


Recommended 
Repair Interval 


Module (Cycles) 


Fan: 

Blades 3000 

Outer Air Seals 3000 

Low-Pressure Compressor: 

Blades 6000 

Outer Air Seals 3000 

Vaoes 6000*** 

High-Pressure Compressor: 

Blades 3000 

Outer Air Seals 3000 

Vanes (8-15) 6000*** 


Estimated Average 


AveragePart 
Age Target 

Part Ages (Cycles) 
at End of 1976 for 
Airl ines 

(Cycles) 

A 

B 

C 

1500 

2700* 

800 

800 

1500 

1500 

N/A** 

600 

3000 

3100 

1200 

2900 

1500 

1500 

400 

1600 

3000 est. 

3300 

900 

2000 

1500 

2000 

1100 

2000 

1500 

1800 

350 

2900 

3000 

2700 

2100 

2800 


* 1200 cycles if Airline A shop fan blade 
quality of leading edge after repair. 


rework is counted due to 


** Not Available. 


Estimated, as parts inspected were just 
distress which would have a significant 


beginning to show levels of 
performance impact. 


2 . 


3 . 


ziz fli9ht hour that C0Uld * 

Determination of the cost of repair per flight cycle; 
the V then pl0tted and “—i. "H* 
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i 


i 

1 


The following ground rules were selected for these studies for 
application to all modules: 





1) Labor costs were excluded since the repair ^ecomnendations 
presented in Section 6.3 can be accomplished when the 
individual engine modules are disassembled for other reasons; 

Part repair or replacement costs were included and determined 
based on 1978 part repair prices; 

The repair dollar per flight hour costs were determined by 

“’"9 ‘ h « Z P l' r ’"terva.s in flight cycles times an average 
of 3.5 flight hours per flight cycle; and 

ocn* co . s . ts were ^ ased on an average cruise fuel consumption of 
950 gallons per hour, a fuel-to-carry-fuel factor of 1.1, and 
J t 9 0 ** ° f 40 . cents Per gallon. Therefore, the fuel cost per 
flight hour is estimated to be $418 per hour. Hence, a one 
percent change in TSFC at cruise equates to $4.18 per hour. 

^ tf 1 ’ the + re f9 mmended maintenance was airfoil cleaning, blade 
leading edge restoration through leading edge insert repair of damaged 

thp d nty.f nd chamfer cut of other blades. Repair of these items provides 
[!L P f ance re S shown in Fi 9 ure 108 * The estimated cost for 

addition a P | dl n S np WaS t $500 ° . per Set for leading edge restoration and an 
additional one-cent-per-hour cost for periodic cleaning of the fan 


2 ) 


3) 


4) 


% A TSFC 


Figure 108 



Fa " Performance Recovery Potential - It is estimated 
that 0.43 percent TSFC can be recovered by refurbishment of 
the fan at 3000 cycles. 


150 
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These costs resulted 
indicate an optimum 


repafr interval ° n -. CU "~- s ^ own . <" Figure 109 ahd 


recommended repair interval is 3000 rwr . oc k Q y cles - However, the 

the chamfer cut leading edge incoroor^ u is believed that 

more rapidly than a new blade leadi^ Jh the u repair ma y deteriorate 

repair interval should be extended b5 tnn the rec °mmended 

maintenance cost extended by 500 cycles to favor reduced 


$ per flight 2 
hour 


Assumptions: 

• 1978 part repair prices 

• 40C per gallon fuel 

• 950 gal/hour fuel 

• 3.5 hr/flight 


Optimum 




Total 

Recommended 


.Fuel cost 


Flight cycles 


— Part cost 

— i 

6000 Repair interval 
3000 Average part age 


Figure 10S Cost Optimization of Fan Repair Interval _ Th* 

repair interval of ^onn fiinM-c "" recoimended 

optimum cost point 9htS 15 ° n ly sli 9 ht ‘y beyond the 

rep I acement °of P the S outer 0 ^^ sea°l s* and^c |p reco ™ end _ ed maintenance was 
seals and cleaning provides the oerJn^n mn9 ' Replacement of these 

110. The estimated cost V or S t hese ?eSr< "f reco r?!? shown in 

of outer air seals and an addii-inn* | S WaS Was * 1260 for replacement 
periodic cleaning. additional one cent per hour cost for 

indicated opti^m^epaiV e inTeVr^ d Jf°2ooo r c e f°"V n Figure HI and 
total cost does not change slgnTffcanfl. vSw yCl ?' ’ However - the 

that airfoil cleaning and ^Xr a?r Vai‘\.f y i 14 is ’ r ««™>ended 
whenever the module is opened for other “tlons ? ' be cdnsidered 

rep lac^ent' of” Ui^^T/des^n'nf^ows 1 and rad, " td "»"« was 

of these blades and seals prov des the ne?fnr^ alr seals - Re P lace "ent 
Figure 112. The estimated cost for these repa rs fsIgewT^ Sb0Wn 
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10r_ 35,000 ft 


0.8 

%ATSFC o.Bj 

0.4 


r 


Mach 0.84 
Std. day 

85% max. cruise 


0.2 


2 T 

Flight cycles (1000) 


i 


Figure 110 JT9D low-PrPCQ..^ r 

' u j s estimated tK^olu perce™ a TSFC Re<:0,e h rj ' Potential 

Ci' C ,es^ Urb,ShflIent ° f “• l-p^te^cUresstT^ 


$ per flight 
hour 


Assumptions: 

• 1978 part repair prices 

• 400 per gallon fuel 

• 950 gal/hour fuel 
0 3.5 hr/flight 


— / 


Optimum 

Recommended 


. Total cost 
Fuel cost 



1000 

500 


2000 3000 4000 

1000 1500 2000 

Flight cycles 


5000 

2500 


Parts cost 
6000 Repair interval 

3000 Averse part age 


Figure 111 Cost Optimization of Low-Pressure r 

indicating at && cyZT 

whenever the module"!! 


' ----- verier reasons. 

ind e !c e aU St an “e^itation curve shown in Figure U3 and 

high-pressure ^ss^erwSEj ° f 400 ° cycles. hZler, the 

ur me inlet temperature level and profile' whi'ch^in 't PaCt the 

K Ie wrncn » in turn, has a 
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* 




interval an 0 V'^nnn t ?" f Urbin fl e du [ abili ^* This suggests use of a repair 
interval of 3000 cycles. As shown in the fiqure this rernnrnpndPH 

bfn^nasTn^^t th h- C ° St 5y $0 * 45 Per h ° Ur ’ but bhis cost is offset 

oy savings in the turbine. 


%ATSFC 



Figure 112 JT9D High-Pressure Compressor Performance Recovery 
Potential - It is estimated that 1.27 percent TSFC can be 
recovered by refurbishment of the compressor at 3000 cycles. 

These examples of repair interval optimization studies provide a 
framework for individual airlines to accomplish their own 
comprehensive cost benefit studies based on their individual operating 
environment and economic circumstances. " ° 


The cost effectiveness studies were based on 
cost. As fuel costs rise, the motivation 
recommendations will become greater. 


a $0.40 per gallon fuel 
for incorporating these 



* Recommended 
/-Optimum 


-Total cost 


$ per flight 
hour 


35.000 ft. 

Mach 0.84 
Std. day 

05% max. cruise 


\ ./ Assumptions: 

\ • 1978 part repair prices 

• 40C per gallon fuel 

/ • 950 gal/hour fuel 

N. • 3.5 hr/fKght 

Parts cost (blades & OAST - ' 

2000 3000 4000 5000 6000 Papair interval 

1000 1500 2000 2500 3000 Average part age 

Flight cycles 


Figure 113 » ti of High-Pressure Compressor Repair 

•jnnn ■ - e i optimum cost point is beyond the recommended 


3000-cycle interval, but it is 
increment in parts cost would 
reduced turbine maintenance cost 
shop visits. 


expected that the added 
be more than offset by 
and longer time between 




SECTION 7.0 
CONCLUSIONS 

do?St e ren^ in e 9 ’,atr d a„ d a "e alySeS ^ .^“'.•SSilS 

or more of the results and SUggeSt revisions to one 

previously. p e,lminar y deterioration models presented 

rZT^fr^tZ l^e 3 hi sttTcaf St p0, "* s ‘ h *‘ “uld not 6e 
permitted by this study. d ta or W1thln the time frame 

performance 6 eAVu/ of Mim the bailed 

techniques used were k^cJh «« tjpes of damage to parts. The 
performance effects of g!S? e tr?c SmS? develo P ed to predict the 
analyses are well substantiated hv tfctf t new parts - Whi,e these 
appropriate for new parts the aeonetHeV 9 ! ° Ver f range of geometries 
those for which test dat*a were 9 avai UhL %c Sed part ? often excee ded 
extrapolation was required. •able. As a result, considerable 

i nstrumen tati on °ca Hbrati ons 1 were 6 " 91 man v*?* Stand COrre 1 at 1 ons and 
lack of records or the i nfrequenc v withlh^ 0 ^ SUSpect due to the 
and calibrations had been accomoffshe^ suc + h corre, ation testing 

for these deficient es thr o^nh fhL ^ a * tempt was made to correct 

technique. However, a degree 9 of uncertainty ^t^iT “ P data enhancement 
in the resulting analvtica? 11 nece ^ari ly remains 

average trends and specific airlind results respect t0 fleet 


Third - 
short- o 


The role that the condition 
or long-term deterioration. It 


of the engine 
is known that 


cases 


between cases and that distortion of VL^ kn ° Wn that ,eaka 9 e occurs 
analysis of histor,cal e„ g , e perf„™„cf "°“ ev fr- '"‘Ms 

Perf0n,anCe ,0SSK "™ «‘U '*• ™c d^ge Nanisms °L £ 

± X **« •». it should 
data presented in thisTeoort J 2" the basis of the 
is that the historical studies hIw P ?ftS« ri !l te *.u The reason for this 
to December 31, 1976 and since* Hi ^ ov ®. red the time period prior 
studied has undergone* numerous mai ntona 1me * eacb the airlines 

have effected their ove^airenaine de^ program changes which 
prerepair and postrepair jp, ^ or ^ atl ° n Picture concerning 

deterioration problems. ** ^nnance levels and performance 
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! iH of the engine. With respect to distortion, there is some 
evidence that distortion of the JT9D engine major cases will force 
other intervening cases out-of-round and lead to significant rub 
problems and losses in performance. The variation in 9 high-pressure 

histwicars e rn n M dl h ^ and rub depths observed in 

flatness of thP hi ff be cauS f / d by variations in the roundness and 
latness ot the diffuser and/or combustor outer case beyond the 

recomnended limits in the Overhaul Manual. Quantification of this 
^ important deterioration mechanism must await additional 
leld data which was not available from historical records 


ust await 
records. 


i of this 
additiona I 


7.1 UVtKALL ENGINE PERFORMANCE DETERIORATION 

nf 9 Thp PCrf ° rmanc ® deterioration results from the gradual degradation 
ho tbe mechanical condition of engine parts. Four causes of this 
S jf'® h « e been identified: (1) the effects of flight loads thlt 
stort the shape of engine cases, produce rubbing, and result in 
increased clearances; (2) erosion of airfoils and outer air seals 
resulting in increased roughness and bluntness, loss of camber, loss of 
niff 6 *• ' en 9 th » . and increased operating clearances; (3) thermal 
distortion produced by changing turbine inlet temperature patterns 

and m" 9 10 f 63 chan . ges » ’"creased leakages, and changed clearances; 
and (4) operator repair practices and rebuild standards that have an 

^nH aC ti o^i t lG i cumulative *evels of part mechanical damage versus time 
and the levels of prerepair and postrepair performance. The probable 
role of each cause of performance deterioration has been identified and 
quanti led versus usage at both the whole engine and module levels from 
data^ S1S ° f hlstorica performance, maintenance, and part inspection 

7-1-1 Short-Term Performance Deterioratio n 

The analysis of historical short-term data indicated that the averaqe 
engine of the JT9D-3A/7/20 family loses 1 percent in thrust specific 
fuel consumption (TSFC) on the first flight relative to the level of 
measured performance at sea- level static take-off conditions of the 

200th e f”i ei ht ne a’ V"* l0S / 10 perforn,ance 9 rows to 1.5 percent by the 
20lth flight. Analysis of these data indicate that 55 percent of the 

TSFL loss is associated with the performance losses of the low-pressure 

o^rpnt th P r eSSUr | compress 1 or ’ and low-pressure turbine) and 45 

percent with the performance losses of the high-pressure spool 

i^f^In SSUr i e compressor and high-pressure turbine). This short-term 
performance loss appears to result from clearance increases caused by 

^ rflrttrnf Stat '° nary and roUtin9 parts ‘ This ™bbing is caused 
r H e ° 91ne cases and rotors Produced by aircraft induced 
fbght lo ad s. However, with continuing in-service exposure the 
probabi hty of more severe loads causing additional damage increases 
but at a much slower rate. ’ 
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7 - 1 * 2 Long-Term Performance Deterioration 

]:tr^Tj/ r {° m r e 'T 0f the en9ine sradually increases with 
Jho d S xccr An ^'- yses of P rere Pair test stand data indicate that 
tne average TSFC performance deterioration of the fleet of JT9D-3A/7/20 
family of engines prior to repair is 4.4 +0.5 percent at 3500 flights 

Li a n P p Pr ° X1 f ate y 12 » 000 hours of operation relative to new production 
engine performance levels. The performance losses at this time frame 

spoo| 30minated ^ the hl 9 h_pressure s P° o1 rather than the low-pressure 

The estimated distribution of the prerepair performance loss at 3500 
flights by major causes are 40 percent due to flight loads, 40 percent 
fliLf 0 er ? si0l ?‘ 20 percent due to thermal distortion, with the total 
practices^ 109 ^ 1 13 P6rCent 3S 3 result ° f differerKe s in maintenance 

The analyses of postrepair test stand data indicate that the fleet 
3500 d9 f ii P n°htl repair leve 4 ! of TSFC deterioration is 3.5 +0.7 percent at 

SriU 9 of %h? P 7i 6 r ntin9 3n avera 9® recovery of 0.9 percent. The 
majority of the TSFC recovery results from high-pressure turbine 

in S TSPr tl0n ' Hlstoncai data indicates that an additional 1.9 percent 
c" TSFC recovery can be realized by refurbishment of the engine cold 
section (fan, low- and high-pressure compressor). The balance of 
unrecovered performance, approximately 1.6 percent in TSFC, is 
^ dtstributed *"“"3 a " «« "Odules that 


7.2 


ENGINE PERFORMANCE RECOVERABLILITY 


Synthesis of the best postrepair module performance loss levels 
analyzed from historical postrepair data indicate that a +2.0 percent 

Inniiti deteri ° r + 3 k 10n level ’ at sea level st atic take-off power 

conditions, with respect to new engine performance is achievable on a 
fleet average engine basis. 


This level of postrepair performance can be achieved by periodic 
c ? "^tion restoration and attention to turbine nozzle vane area 
classification and rework standards, turbine clearance and rebuild 

leading edge refurbishment. The ability to achieve 
a reasonable time a postrepair average TSFC 
lower than + 2.0 percent is believed to be limited 
effects of flight loads. These cause localized 


standards, and fan 
and sustain for 
deterioration level 
by the short-term 


. * » •a***' I uuuo . || 

increases in seal clearance which build up rapidly. 





7.3 DETERIORATION MODELS 

7 * 3<1 Deterioration 

The preliminary deterioration m , 

engine and presented in Section d ® v . e,0 P ed for the average JT9D 

ton5irt. 0f h, deter )°ratf„„ i observed® ?or Ih/Tr 1 a Srees *>" »Uh "the 

aS ’ S ^ daU current '/being collerted r a„d n a„a" , | a y 2 ed e re,iS<!d °" the 

7 * 3 * 2 Module Deterioration 


SJ- ,S S^^aiTafs S 

^-igbJUab r^essure C«. TO ,». 

ss 

approx a l“ e 5 Se * «« "Ratine 'p r er 0 ;l C are er deie°??orition 5^ 

Combustion Sy stem 9 cycles, 

turbine performance ^oss "as^th* hdVe important indirect effects 

P-fi.e.'The/e 5 * *«*» In^urKIfVn.S 


OSS "alette ?esult ln ?f° rt ch nt indi . rect effects on 
These temperaturp n^f nTl, ,n turbine inlet 


aiur e nrnti p ^ crid 

inferred to have occurred on fh tem |? erature profil 
condition and rub experience hel basis . of S1 >ifi 
result in operating °Per 


e changes have been 
cant variances in part 


parts. The° ^agnVtu^de” 'of r t* 1 ^ c ^ a ^ s 'bberma^di'storil'OT^f 3 ! * h^ eS 

-- ct not 'be 
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High- and Low-Pressure Tnrh i nes 


ISUS'/fl^^J'teSr tu t r h bine P e [ f “™>"ce deterioration is 

twisting being of major but b °" and s «°"d-stage vane 

turbine performance deterioration il; causeTbv irr'k",™' Low-pressure 
with all other nechanieme hoin« J caused by tip clearance increases, 

standaras appear to c™l e '"Lf.Z'} 0 '' Airline rebuild 

prerepair ° f b °* h 


1 



APPENDIX A 


AIRLINE VARIATIONS IN 
OPERATING PROCEDURES AND THRUST USAGE 

VARIATIONS IN PAN AMERICAN OPERATING PROCEDURES AND THRUST USAGE 
1. Take-Off 

March 1970 

Initiated water usage for take-off power EGT reduction 
increased thrust (Fn). reauction and 

May 1971 

Started use .of reduced take-off thrust from JT9D-3 dry ratings. 
October 1971 

Perf0ma,,Ce but discontinued 

January 1972 

Policy: JT9D-3A dry for normal operation; 

JT9D-3 wet for EGT margin increase; 

JT9D-3A wet for performance, as required. 

December 1973 

svstemf “ a , ter and started removal of all »ater 

configuration) ^ conversion to JT9D-7/7A 

1977 

- EPR”" ed (ATM) 


Prior to April 1971 - used full JT9D-3 climb rating. 

April 1971 

L nt 7 d 0 U 0 C 0 ed fnnt dU n C o ed th 7 St , us1 "3 Ocular calculator; reduced 

m?nu\*e 00 °at f ??"rvS’"T n i te , cl . imb at sea - ,evel to 500 feet per 
l-nntff 4 25 ’ 000 ( feet altitude, and hold at 500 feet oer 
minute to cruise altitude. p 

November 1972 

Established 774oc EGT climb limit. 


PRECEDING PAGF BLANK NOT FILMED 


1 


Early 1973 

JTgD-Z^nd JTgoSA^on^vers^^ ntroduced^ ' * ratin9 

3. Cruise 

Standard cruise is Mach 0.85. 

VARIATIONS IN TWA OPERATING PROCEDURES AND THRUST USAGE 

1. Take-Off 

t^tx “ f thrust on a " 

flight. ay except the Los Angeles to London 

2. Climb 

340°knots/& JT9D ' 3A clfmb P°“<f was used along a 

f l‘1ht JU 'eve| S ’ 250 72 (25 ri^V^ 04 EPR was a PP |ied above 

600,000 pounds (25, °°° feet) ,f a,rcraft weight was below 

3. Cruise 

Pnor to October 1972, cruise at Mach 0.84 was standard. 

After October 1972, cruise was increased to Mach 0.85. 

VARIATIONS IN NORTHWEST OPERATING PROCEDURES AND THRUST USAGE 

1. Take-Off 

JTOD-TC^engi nes^sed^lTgD^/f ratTnas^and^g 1 ^t 5 " thS JT9D ' 7 and 
take-off gross weiaht ITorui r at '" 9S a " d derat e up to 0.06 EPR if 
100OF inlet. 9 1 TOGW) ,s less tba " the limiting TOGW for 

2. Climb 

625, OOO^pounds . C ' I 'f TOGlTi s Ye I 625 ^Of) 47 T °h W iS qreater than 
cruise is used below flight I eve I 300 % P °000 $ f f? D ' 3 I "; aximum 
climb above flight level 300 JUU (30 ’ 000 feet ) and JT9D-3A 


Standard cruise is Mach 0.85, 
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APPENDIX B 





USED PARTS CONDITION AND PHOTOGRAPHIC DOCUMENTATION 
INTRODUCTION 

Approximately 750 used airfoils were collected from the subcontractor 
airlines and other sources at Pratt & Whitney Aircraft and inspected to 
determine parts condition as a function of usage levels. The results 
of the analytical inspections were presented in Section 4.0. Visual 
observations regarding parts condition were also made for qualitative 
comparison with the analytical results. Photographs of these visual 
observations and supporting data are presented in this section. The 
photographs were taken where a substantial number of parts with known 
time and cycles were collected, including low- and high-pressure 
compressor blades, and hi gh-pressure turbine vanes and blades. 

Fan 

Very few fan blades were collected for inspection during this phase of 
the Diagnostics Program and no photographs were taken. 

Low-Pressure Compressor 

No variation in physical condition of low-pressure compressor blades 
was observed either as a function of usage level, as shown in Figures 
B-l through B-3, or as a function of the axial position in the engine, 
as shown in Figures B-4 and B-5. 









This lack of variation in physical condition is further shown in Figure 
B-6 through B-8 where the results of measurements taken on service 
parts show negligible loss in blade length with respect to increasing 
usage. The data for airfoil profile changes versus cycles are shown in 
Figure B-9 through B-14. As can be seen from these data, there were no 
significant changes in the airfoil properties with increasing cyclic 
age. * ' 


0.04 
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0.03 


= Denotes data range 

Symbol denotes average for sample 


to 

3 0.02 
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a> 


0.01 


Production tolerance ± 0.010 inch 
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Figure B-6 Low-Pressure Compressor Blade Length Loss Data for Rotor ?. 


= Denotes data range 


2 0.02 


Production tolerance ± 0.010 inch 
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Right cycles (1000) 

Figure B-7 Low-Pressure Compressor Blade Length Loss Data for Rotor 3. 


= Denotes data range 


S 0.01 L Product™ tolerance = ±0.010 inch 


0 1000 2000 3000 4000 5000 6000 

Flight cycles 

Figure B-8 Low-Pressure Compressor Blade Length Loss Data for Rotor 4. 
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Figure B-12 Third-Stage Rotor Root Profile Data. 










G j7§££ T * y changes of 
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Wotor%° n N£ ar ROOT OF 





High-Pressure Compressor 

The physical condition of the hi gh-pressure compressor blades is shown 
in Figures B- 15 through B-20. Deteri orati on in the high-pressure 
compressor is related to the cyclic usage level and accelerates beyond 
3000 cycles as shown in Figure B-16. Deteri orati on at a given usage 
level is a function of the position within the compressor as shown in 

Figure B-19. Variation from stage to stage may be caused by: 

1. The transition in the abradable rub-strip material from rubber 
to feltmetal at stage 8. 

2. The transition in blade material from titanium to steel at 

stage 14. 

3. The location of a bleed aft of stage 9 which is used 
extensively during ground operations. 

Figure B-20 shows the impact of the "squealer cut" on the tip of the 
sixth-stage blade which is employed to control the structural dynamic 

properties of the airfoil. This "pre-thinning" of the airfoil tip 
accelerates the erosion and loss of airfoil contour of this stage blade. 

Based on the inspection of used high-pressure compresso v ' rotor blades. 
Figures B- 21 through B-26 show the changes to the airfoil properties 
caused by erosion at a root and a tip section for Rotors 6, 9, and 14. 
This airfoil geometry change was crossp lotted against diameter to give 
a radial representation of the changes, and the results are shown in 

Figures B-27 through B-29. 



Figure B- 15 JT9D Fifth-Stage High-Pressure Compressor Blades. 
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Notes: 

1. Values shown at the ends 
of the curves are numbers 
of flight cycles. 

2. The 6000 cycle curves 
were extrapolated based 
on data from 1000 to 
5400 flight cycles. 
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Figure B- 28 Airfoil Gentry Changes for Span of NintH-S.age 
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Notes: 

1. Values shown at the ends 
of the curves are numbers 
of flight eye I es . 

2 . The 6000 cycle curves 
were extrapolated based 
on data from 1000 to 
5400 f light eye les. 
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Figure B -2 9 Airfoil Geometry Changes for Span of Fourteenth-Stage 
Rotor B I ades. 
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High-Pressure Turbine 


Figures B-30 through B-37 show the physical condition of high-pressure 
e airfoils collected for detailed inspection. The photographs 
show Tittle visible deterioration of these airfoils. More rigorous 

inspection techniques were required to document parts ^"visible frm 
b ow twist, and tip wear which exist but are not visible rrom 

photographs) as a function of parts age The high time first-stage 
turbine blades would have been repaired at least once. 
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Figure B-30 JT9D First-Stage High-Pressure Turbine Vanes. 
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Figure B-31 JT9D First-Stage High-Pressure Turbine Vanes. 
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Figure B-32 JT9D First-Stage High-Pressure Turbine Blades. 
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Figure B-33 JT9D First-Stage High-Pressure Turbine Blades. 
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Figure B-36 JT9D Second-Stage High-Pressure Turbine Blades. 
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Figure B-37 JT9D Second-Stage High-Pressure Turbine Blades. 


Low-Pressure T urbi ne 


Photographs of the low-pressure turbine 
made because of the lack of signs of 
adequately photographed such as bow, twist 


airfoils collected 
deterioration which 
, and light rub. 


were not 
could be 



APPENDIX C 


PARTS USAGE AND 
REPAIR RATE ANALYSIS 


INTRODUCTION AND SUMMARY 


This appendix summarizes the results of the analysis of the carts 

tte MaTa ^?D P Tpt ra F teS Of n ach 0f the three airlines participating in 
the NASA JT9D Jet Engine Diagnostics Program. Necessary data werp 

gathered to identify parts usage of all gas path parts wh7ch could be 

signi leant contributors to engine performance deterioration The 

source docurients and years of availability of the data at each iirllS 

M ar c h , ^ Apr i ^ S an d ^M ay of 1977 ^ Trip Rep0rt# t0 NASA dated d ^"* 

Data were acquired from the airlines for all types of maintenanrP 

?nclSded Wh the C auintit Ve f" 1mp * ct 0n en9ine P erf °™a"ce. These data 
inciudea the quantity of parts scrapped, repaired, or used in 

m^Hp er ct° n /, rom ° ne modei t0 another. Since some repair actions are 
made strictly for mechanical reasons and have no impact on Dart 

“ • ' 1 ” as " ecess try to review the types of repairs perforaed 
if £ “ 5 restoring 1 p^ rf ormime^and 

dfsSLd in Section 3 P .0 Per 100 ° e " gine fMght hours < EFH >- « 

fHnht 9 hm.rs ? Sa9e rates > the ' 31rcraft introduction rate, and 

constructed to estfmstT for each alrHne - a computer model was 
constructed to estimate the average time/ age since Derformanrp 

restoration, by year, for each of the gas-path parts of Tnterlst TMs 

IS the primary output of the Parts Usage Rate Analysis ' nterest ' Tt " s 

These data were also analyzed as a part of the "bottom-uD" Derfnrmanro 

ana ysis method to determine the average module part aoe (n "nht 

eye es) as a function of engine age. These part times/aqes were hen 

narts'" conJ unct ’ on . th the results of the mechanical inspection of 

of olrt e to U the P To t ss t | me/ ??® t0 deter ™’ ne the contribution of each type 
of part to the loss in efficiency and flow capacity of each module. 


Since the parts usage data 
proprietary, the airlines are 
B, and C. 


at each of the airlines 
identified in this report 


is considered 
as Airlines A, 


RESULTS 

Figures C-l through C-6 present the trends of the averaqe aqe of Darts 
each module versus engine cyclic age for Airlines A, 9 B, and C. The 


PRSCFP 


■l VW NOT FUMED 
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variations in part age between airlines can be seen and would be 
expected to contribute to differences in engine performance 

deter i orati on levels. 


1970-1976 

Blades OAS 



Figure C-l JT9D Fan Module Part Age. 


Blades (2-4) Vanes/shrouds 


OAS (2-4) 



Figure C-2 JT9D Low-Pressure Compressor Module Part Age. 




Figure C-3 JT9D High-Pressure Compressor Blade and Vane Part Age 
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Figure C-4 JT9D ^gh-Pressure Compressor Stator and Outer Air S< 
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iqure C-5 JT9D High-Pressure Turbine Module Part 


01 2 34501 2 34 501 2 34 5 

Average engine age ~ 1000 cycles 


Figure C-6 JT9D Low-Pressure Turbine Module Part Age 
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REBUILD STANDARDS VARIATIONS 
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TABLE D-I (Cont'd.) 

VARIATIONS IN COLD SECTION REBUILD STANDARDS 



0 



VARIATIONS IN COLD SECTION REBUILD STANDARDS 






TABLE D-I (Cont'd. 




TABLE D-I (Cont'd.) 
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Module 

Fan 

LPC 

HPC 


HPT 

Hr 



TABLE D-III 

BLADE TIP CLEARANCE VARIATION SUMMARY 
AIRLINE A 


Stage 


(offset honeycomb) 1 

(0.115 in. offset ASG) 1 

(assume full 2 

restoration clearances 3 

used) 4 


5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

1 

2 

3 

4 

5 

6 


Clearance Differences from 
P&WA Nominal (inch) 


Airline 

Airline 

Nominal 

RIO 

40.020 

+0.030 

+0.015 

+0.025 

+0.002 

+0.018 

+0.002 

+0.017 

+0.000 

+0.017 

+0.002 

+0.011 

+0.002 

+0.011 

+0.002 

+0.011 

+0.002 

+0.010 

+0.002 

+0.009 

+0.004 

+0.014 

+0.002 

+0.009 

+0.003 

+0.01 1 

+0.002 

+0.009 

+0.002 

+0.009 

+0.002 

+0.008 

+0.000 

+0.007 

+0.000 

+0.014 F&R* 

+0.010 

+0.028 F&R 

+0.010 

+0.028 F&R 

+0.010 

+0.042 F&R 

+0.010 

+0.055 F&R 


1 

1 

i 

i 

i 




*F&R — Front and Rear 


* ¥ 
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TABLE D- IV 

BLADE TIP CLEARANCE VARIATION SUMMARY 
AIRLINE B 
OVERHAUL ENGINES 


(page 1 of ?) 


I 


Module 

Fan (offset honeycomb) 
LPC 


HPC 


HPT 


LPT 


J2? ;g/ v- 

P00 R ~'"*i . 
H w*ury 


/.v 



Clearance Differences from 
P&WA Nominal (inch) 


Stage 

Airline 

Nominal 

Airline 

RIO 

1 

+0.020 

+0.030 

-> 

+0.002 

+0.018 

3 

+0.002 

+0.017 

4 

+0.000 

+0.017 

5 

+0.002 

+0.011 

6 

+0.002 

+0.011 

7 

+0.002 

+0.011 

8 

+0.002 

+0.010 

9 

+0.002 

+0.009 

10 

+0.004 

+0.014 

1 1 

+0.002 

+0.009 

12 

+0.003 

+0.011 

13 

+0.002 

+0.009 

14 

+0.002 

+0.009 

15 

+0.002 

+0.008 

1 

+0.010 

+0.022 

dm 

+0.000 

+0.014 F&R* 

3 

+0.000 

+0 028 F&R 

4 

+0.000 

+0.028 F&R 

5 

+0.000 

+0.042 F&R 

6 

+0.000 

+0.055 F&R 


*F&R - Front and Rear 
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(page 2 of 2) 


TABLE D-IV (Cont'd) 

blade tip clearance variation summary 

AIRLINE B 

HEAVY MAINTENANCE ENGINES 



Module 

Stage 

Clearance Differences from 
P&WA Nominal (inch) 
Airline Airline 

Nominal 

RIO 

Fan (offset honeycomb) 

1 

+0.020 

+0.030 

LPT 


r 

+0.007 

+0.028 


3 

+0.007 

+0.027 


4 

+0.005 

+0.022 

HPC 


5 

+0.007 

+0.02 1 


6 

+0.007 

+0.021 


/ 

+0.007 

+0.02 1 


8 

+0.007 

+0.020 


9 

+0.007 

+0.019 


10 

+0.007 

+0.019 


1 1 
12 

+0.007 

+0.019 


+0.007 

+0.019 


1 3 

+0.007 

+0.019 


14 

+0.007 

+0.019 


15 

+0.007 

+0.019 

HPT 


1 

+0.010 

+0.022 


2 

+0.000 

+0-014 F&R 

LPT 


.5 

+0.000 

+0.028 F&R 


4 

+0.000 

+0.028 F&R 


5 

+0.000 

+0.042 F&R 


6 

+0.000 

+0.055 F&R 


*F&R - Front and Rear 
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TABLE D-V 


Module 

Fan 

LPC 

HPC 


HPT 

LPT 


BLADE TIP CLEARANCE VARIATION SUMMARY 
AIRLINE C 


Stage 

1 


(Assume full 2 

restoration clearances 3 

used) 4 

(Assume full 5 

restoration clearances 6 

used ) 7 


8 

9 

10 
11 
12 

13 

14 

15 

1 


3 

4 

5 

6 


Clearance Differences from 

P&WA Nominal (inch) 


Airline 

Airline 

Nominal 

RIO 

+0.000 

+0.010 

+0.002 

+0.018 

+0.002 

+0.017 

+0.000 

+0.017 

+0.002 

+0.01 1 

+0.002 

+0.011 

+0.002 

+0.011 

+0.002 

+0.010 

+0.002 

+0.009 

+0.004 

+0.014 

+0.002 

+0.009 

+0.003 

+0.01 1 

+0.002 

+0.009 

+0.002 

+0.009 

+0.002 

+0.008 

+0.003 

+0.022 

+0.000 

+0.014 F&R* 

+0.004 

+0.028 F&R 

+0.005 

+0.028 F&R 

+0.000 

+0.042 F&R 

+0.000 

+0.055 F&R 


*F&R - Front and Rear 
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APPENDIX E 
QUALITY ASSURANCE 


The P&WA quality assurance program provided the general policy for 1) 
directing the inspection of used parts collected and 2) est/blishinq 

wllectedT/ the daS teS * CeM facility performance data 

collected in the data collection effort of the NASA JT9D Jet Fnnine 

°IT% C L s ^ ci,ica "y : hardware traceability process 

r^fKw. a t S -' ablShed ’ sting inspection procedures and equipment 
calibrations were reviewed and followed; and available performance test 
instrumentation calibration records for each airline were ^ InaTvzed ?o 
ensure the accuracy of all data collected. analyzed to 

S f lec ^ ed f or detailed inspection was identified and marked at 
time o. selection at the airline facilities as to engine and module 
serial number from which it was obtained. From the airhne engine and 

"d recXT USage ° f the parts was the " Renamed 

“ Maures E 1 Jri l SV marked " lth the T <*ent if yi r>g codes shown 
in figures E-l and E-2 for compressor parts and turbine Darts 

respectively, and returned to P&WA for inspection. * 


These codes 


marked 


-a. rvcu um eaun pare ana on all corresDondinn 

ancles" w'afensured!^ COrrelat1on <* Part time 

INSPECTION EQUIPI€NT CALIBRATIONS 

All tools, fixtures, and machines used to perform the required 

lr!rfaKi° nS 4 - were calibr . ated usln 9 measurement standards which are 
Rur^M b nf T a PP r °P'" iate ultimate reference such as the National 
interval* S f andards - These calibrations are performed at established 
, al , 1 , n facilities where environmental controls have been 

accord ino tn° ensur f e + adeduate results. The calibrations are conducted 

cording to written procedures to ensure consistency. The 

estahlUhPd°with nt - e 7 alS I° r * he equipment, including standards, are 
established with judgements based on degree of use, environment of use 

fn^ch a " ura ? ,> , and stab1lit y- Calibration records a™ mainteinld 

^facilitate 'r»r 9 an eV If C M n ° rder to assess and stability and 

to t aci litate recall of the equipment. Measuring and test eau'oment 

are labeled to establish the calibration status for the user equ ' pment 
INSTRUMENTATION CALIBRATIONS 

2L cahl J ratlon records of test equipment used by the airlines to 
measure the performance related parameters of JT9D engines were 
an^yzed and compared with the P&WA JT9C Test Instruction Sheet (TIS) 

Ml an Ua I • v ' 
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AGNAR09 — 2 

L PIECE IDENTIFIER 

• STAGE NUMBER; 2 THROUGH 15 j 

• R = BLADE. S = STATOR | 

I MODULE DESIGNATOR CORRESPONDING TO MODULE 

SERIAL NUMBERS; IDENTIFIES PART TIMES AND CYCLES. 

I AIRLINE; N = NW. P = PA. T = TW 

1 FILE IDENTIFIER FOR COMPUTER STORAGE 

OF RaDOC DATA 


Figure E-l Identifying Codes for Compressor Parts. ! 


I 


NIV2 



HECE IDENTIFIER; USED TO IDENTIFY 
PART TIME AND CYCLES. 

B -- BLADE, V - VANE 

STAGE NUMBER; 1 THROUGH 6 

AIRLINE; N - NW, P = PA, T = TW 


Figure E-2 Identifying Codes for Turbine Parts. j 
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APPENDIX F 

ACRONYMS AND SYMBOLS 


ACRONYMS (Organizations) 


American Airlines 

Boeing Commercial Airplane Company 
Douglas Aircraft Company 
National Aeronautics and Space Administration 
Northwest Airlines 

Pan American World Airways 
Pratt & Whitney Aircraft 
The Boeing Company 
Trans World Airlines 
United Air Lines 


SYMBOLS AND ACRONYMS 


Area (feet 2 ) 

Aircraft 

Axial -skewed grooved 
Assumed temperature method 
B I uepri nt 

Bypass ratio 
Circumferential grooved 
Conversion 

Engine condition monitoring 
Efficiency (percent) 

Engine flight hours 

Exhaust gas temperature (°F)(°C); measured at HPT discharge 
Engine pressure ratio 
Engine thrust (pounds) 

Flow capacity 

Heavy maintenance 
High pressure 
High-pressure compressor 
High-pressure turbine 
Hertz 


Inner air seal 
Inside diameter 
Inlet guide vanes 
Kilo (1()3) 

Knife edge 
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Mod 

N 

NASTRAN 

OAS 

00 


Leading edge 
Low pressure 
Low-pressure compressor 
Low-pressure turbine 
Mach number 

Mod if i cation 
Rotor speed (rpm) 

ANalySiS Ca ” PuUr pr0 '>™ 

Outside diameter 

Overhaul & repair 
Overhaul 
Overhaul Manual 

Absolute pressure ( Ib/in^fpsia) 

Gage pressure ( Ib/in^) (psig) 

Part Number 
Pressure ratio 
Quick Engine Change 
Repair if over 
Sea level static 

Serial Number 
Special Performance 
Steady state 
Standard 

Absolute temperature (°R) 

Temperature (°F)(Oc) 

Trai ling edge 
Take-off 

Tangential onboard injection system 

I£s%^Ota/secT cons ' m ' ,ti °" Ob/hr-lb: 

Vane angle (degrees) 

Change 

Pressure correction (in. Hg/29.92) 
Efficiency (percent) 

Temperature correction (°R/S 19 ) 

Micro ( 10 - 6 ) v ' 
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Undisturbed inlet (pressure and temperatures 
Low-pressure rotor (rotor speeds) 

Fan inlet (pressures and temperatures) 
High-pressure rotor (rotor speeds) 

Fan blade discharge 

Fan exit guide vane discharge 

LPC discharge 

HPC discharge 

HPT inlet 

HPT discharge 

LPT discharge 

Absolute 

Ambient 

Burner 

Compressor 

test ce 1 1 
Estimated 

Fuel 

Gage 

i nnerwa 1 1 
maximun 
Net 
Static 

Stagnation (total) 

T ime 




) 



I 

i 
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